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ABSTRACT 
Steel concentrically-braced frames (CBFs) are widely used lateral force resisting systems with high 
strength, stiffness, and material efficiency. Special concentrically-braced frame (SCBF) systems are a type 
of CBF commonly used in high seismic regions because they are designed to permit large inelastic drifts. 
Ductile detailing and capacity design requirements ensure braces are the main source of energy dissipation 
in the system. While the design of SCBFs in high seismic regions is prevalent and substantiated by previous 
research, SCBFs are not frequently designed when seismic demands are lower. In moderate seismic regions, 
it is typical to design low-ductility CBFs because of their design simplicity and economy. Low-ductility 
CBFs do not have the same detailing or proportioning requirements as SCBFs, which typically results in 
lighter system weights but has the consequence of non-ductile frame behavior during earthquake response. 
The lateral force resisting behavior of low-ductility CBFs relies on reserve capacity, or secondary stiffness 
and strength, following initial brittle limit states.  
This study investigates the behavior of SCBFs designed for moderate seismic regions, which is an area 
unaddressed in previous evaluations of CBFs. The SCBFs designed for this study are compared to recent 
assessments of the frame behavior and economy of widely used low-ductility CBFs, namely the R=3 CBF 
and the ordinary concentrically-braced frame (OCBF). Numerical models developed in OpenSees capture 
the member behaviors and limit states pertinent to multistory CBFs. The suite of frame models analyzed in 
this work consider variations in frame type, frame height, and brace configuration. Seismic stability of 
SCBFs is evaluated including the influence of gravity column continuity.  
A seismic performance assessment is conducted using the frame models to performing nonlinear static and 
nonlinear dynamic analyses. Nonlinear static analyses are conducted as a preliminary assessment of the 
behavior of CBFs, and they are employed to identify the sources of lateral load resistance and ductility.  
Nonlinear dynamic analyses are conducted according to the incremental dynamic procedure (IDA) to 
perform a collapse performance assessment based on the FEMA P965 framework (FEMA, 2009). The 
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numerical models used for the dynamic analyses have the increased capability to model the degradation of 
components through load reversal. 
There are three primary research objectives addressed in this work: (1) to compare the system design, 
behavior and economy of low-ductility CBFs and SCBFs, (2) to evaluate the collapse performance of 
SCBFs designed for moderate seismic regions, and (3) to investigate the seismic stability of SCBFs 
including the influence of gravity column continuity. The results of the nonlinear static analyses highlighted 
that SCBFs had considerable overstrength beyond the design level as a consequence of the capacity design 
procedure. The characteristic ductile pushover response for SCBFs was observed and three regions of 
secondary stiffness were defined and used to evaluate frame behavior. The secondary stiffness term that 
describes the first region of negative stiffness indicated the predominant behavior for each design variation 
(e.g. the split-x configuration relying on continuous column contribution more to resist the destabilizing 
effects of P-Δ). Compared to the low-ductility CBFs, SCBFs exhibited similar levels of elastic stiffness and 
higher levels of post-elastic stiffness which contributed to the improved ductility capacity. 
The dynamic analyses expanded upon the pushover analysis results by capturing structural degradation 
resulting from cyclic loading, modeling finite ductility capacity of the braces (e.g. the limit state of brace 
fracture), and the effects of higher modes in the response of the system. The chevron configuration 
consistently exhibited superior dynamic performance compared to the split-x. While this initially contrasted 
with the pushover results, the dynamic results were seen as a more realistic inelastic response of the systems. 
The chevon configurations engaged frame action to provide a combination of lateral resistance from brace 
inelasticity and column flexural strength, while the split-x distributed inelasticity across the braces of many 
levels, and did not have the member proportioning to engage frame action. The seismic performance was 
compared between low-ductility and SCBFs, and all SCBFs exhibited adequate performance for application 
in moderate seismic regions. 
  
iv 
 
ACKNOWLEDGEMENTS 
I would like to express gratitude to my adviser, Professor Fahnestock, for his guidance, patience, and 
teaching throughout my research and graduate studies at the University of Illinois. I would like to thank 
Josh Sizemore, whose work on low-ductility CBFs is extensively referenced in this thesis and who provided 
early guidance on developing a numerical CBF model. My fellow research group members have been 
supportive and continually provided insights and reassurances throughout the thesis process. The friends 
and community I have found in my time in Urbana-Champaign are also very important to me, and I could 
not have gotten through this without them.  
I want to acknowledge the College of Engineering for financially supporting my graduate research which 
culminated in this thesis. I am very grateful to have also received the Carver Fellowship and the CEE 
Distinguished Fellowship for recognition of my graduate research pursuits. 
 
  
v 
 
TABLE OF CONTENTS 
CHAPTER 1. INTRODUCTION ................................................................................................................. 1 
CHAPTER 2. DESIGN OF CONCENTRICALLY BRACED FRAME SYSTEMS ................................. 17 
CHAPTER 3. NUMERICAL MODEL ...................................................................................................... 33 
CHAPTER 4. NONLINEAR STATIC ANALYSES ................................................................................. 45 
CHAPTER 5. NONLINEAR TIME HISTORY ANALYSES ................................................................... 72 
CHAPTER 6. CONCLUSIONS ............................................................................................................... 105 
REFERENCES ……………………………………………………………………………………………………….………114 
APPENDIX A. DETAILED DESIGN OF THREE-STORY CHEVRON SCBF…………………….……118 
APPENDIX B. PUSHOVER OUTPUT DATA ..………………………………………………………….……........129 
 
1 
 
CHAPTER 1. INTRODUCTION 
1.1 BACKGROUND 
Concentrically braced frames (CBF) have high stiffness and strength, and they are typically economical 
lateral force resisting systems (LFRSs). Special concentrically braced frames (SCBFs) are a common LFRS 
designed for high seismic regions in the United States. Modern SCBFs represent post-1988 systems, which 
have capacity design, detailing, and ductility requirements per the Seismic Provisions for Structural Steel 
Buildings (American Institute of Steel Construction, 2010). The changes to the Provisions introducing 
capacity design procedures for SCBFs resulted in improved performance but also an increase in system 
weight of code compliant frames. SCBFs have large inelastic drift capacities due to these design 
requirements ensuring ductile response. The braces in the system act as the fuse elements and provide 
energy dissipation through inelastic action (Sabelli et al., 2013). These characteristics make SCBFs well 
suited for applications when the seismic hazard is high.  
While the design of SCBFs in high seismic regions is prevalent and supported by recent research efforts to 
characterize SCBF behavior under high seismic demands, the application of SCBFs to regions of lower 
seismicity has not been thoroughly addressed. The common CBF in moderate seismic regions is the low-
ductility CBF, which is prevalent in regions of moderate seismicity because of its simplicity in design and 
economy. The behavior of low-ductility CBFs is characterized by reserve capacity, or the post-elastic 
stiffness and strength that contributes to system collapse performance. These low-ductility CBFs do not 
have the same detailing and proportioning requirements as SCBFs, which permits lighter systems at the 
expense of nonductile frame behavior in the event of an earthquake. 
The recent research characterizing the behavior of low-ductility systems and the research addressing the 
inelastic behavior of SCBF systems are synthesized to perform this research. The insights from recent 
experimental SCBF studies and the related numerical model developments are directly applicable to 
modeling SCBF systems to evaluate the collapse performance. The research identifying and quantifying 
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low-ductility reserve capacity provides a basis for discussing potential improvements SCBFs can provide 
to moderate seismic applications. 
1.2 PREVIOUS RESEARCH  
The seismic behavior of special concentrically braced frames has been the focus of numerous recent 
research investigations particularly interested in characterizing and understanding the inelastic response of 
the braces and the connection regions and their effect on the system behavior (Tremblay, 2002; Lehman et 
al., 2008; Hsiao et al. 2012; Sen et al., 2016a). The broad objective of such research was to improve the 
overall seismic performance of SCBFs and improve the degree to which the inelastic response of the braces 
is guaranteed in the design process. A balanced design procedure (BDP) was proposed to improve the 
seismic response of SCBFs by maximizing the drift capacity of the frame (Roeder et al. 2010). The inelastic 
behavior of the braces in buckling and yielding are balanced with desired ductile yielding mechanisms (e.g. 
gusset plate yielding). The research has employed experimental testing of both braced frame components 
and the full concentrically braced frame (CBF) system at full-scale (Roeder et al, 2011; Sen et al., 2016b). 
Numerical models have been developed to capture inelastic response of elements, including the braces, 
gusset plate regions and beams, and these models were calibrated using experimental test results (Yoo et 
al., 2008a; Yoo et al. 2008b; Hsiao et al., 2013a). The recent research has also included analytical studies 
of complete SCBF systems for the assessment of seismic performance (Uriz et al., 2004; Hsiao et al., 
2013b). This section presents research relevant to the focus of this thesis.  
The research investigating the seismic behavior of low-ductility braced frames is also relevant to include in 
the literature review because these systems are typical of moderate seismic regions. Low-ductility CBFs 
are permitted to be designed with reduced seismic forces with minimal to no additional seismic detailing 
requirements. These systems must rely on the secondary stiffness and strength, termed reserve capacity, 
after the occurrence of brittle limit states. The recent research has investigated the sources of reserve 
capacity for these systems with full-scale experimental testing and numerical simulations (Hines et al., 
2009; Stoakes, C. 2012; Bradley, 2016; Sizemore, 2017). These studies provide insight into the mechanisms 
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low-ductility systems rely on to prevent collapse. These are relevant to SCBFs designed for moderate 
seismic regions addressed in this work as a comparison of characteristic behaviors between low-ductility 
and high-ductility CBFs. 
1.2.1 SCBF Component Behavior 
SCBFs are designed and detailed to endure large deformations arising from the inelastic behavior of the 
braces. The Seismic Provisions (2010) require that beams, columns, and connections are capacity designed 
and thus expected to withstand the brace forces arising from tension yielding and compression buckling 
and post-buckling. Because of these design assurances, it is important that the inelastic action of braces 
used in SCBFs is well understood as well as their effects on the connections and adjacent frame members.  
Hsiao et al. (2013) conducted research for the development of a modeling approach that could more 
accurately predict the seismic performance of SCBFs. Essential to modeling the behavior of SCBFs is the 
ability of brace models to completely capture the anticipated brace behavior, including the failure mode of 
brace fracture. During the cyclic response of a steel brace, the concentration of large strains and deformation 
demands at mid-length of the brace cause low-cycle fatigue that leads to brace fracture. While complex 
continuum models were capable of accurately predict brace fracture, the research sought to develop a 
practical line-element model for use in nonlinear simulations. The line-element brace and fracture model 
and the fracture model behavior are schematically shown in  
Figure 1.1(a) and (b), respectively. 
   
    (a)      (b)  
Figure 1.1 (a) Schematic brace element with fiber section for fracture model. (b) Schematic stress-strain 
relationship for the fracture material model. (Reproduced from Hsiao et al., 2013a). 
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The model developed by Hsiao et al. predicts brace fracture from the numerical maximum strain range in 
the fiber section. The model was calibrated using 44 experimental test results to parameterize the influence 
of brace physical properties on fracture prediction, including: width-to-thickness ratio (w/t), global 
slenderness (KL/r), and yield strength (Fy). The model was verified and compared to alternate numerical 
models for simulating brace fractures, and the authors found improved accuracy in modeling fracture in 
braces with a wider range of physical properties. 
Another established strain-based fatigue model applicable to the nonlinear modeling of steel braces was 
developed by Uriz et al. (2008). The researchers created a fatigue material adopted by OpenSees that can 
be wrapped around an existing steel brace model to account for the effects of low-cycle fatigue on brace 
yielding and post-buckling response. The model uses a modified rainflow counter to track and accumulate 
strain, and remove fibers according to the accumulated damage. The model utilized experimental results 
from testing of full scale braces to calibrate modeling parameters.  
Additional research has focused on characterizing the behavior of the gusset plates within the SCBF, since 
they are expected to yield and permit large out-of-plane deformations as braces tension yield and 
compression buckle during earthquake excitations. Lehman et al. (2008) conducted experimental testing of 
various SCBF gusset plate connections. The study compared gusset plates designed with the typical 2t 
linear clearance with those designed with the proposed 8t elliptical clearance. The test specimen used to 
investigate gusset plate deformations and an example of the observed damage from the test is included in  
Figure 1.1 (a) and (b), respectively. The concept of designing gusset plates considering an elliptical 
clearance was substantiated by the observed damage on the specimen, visible as flaking of the white wash. 
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(a)          (b) 
Figure 1.2 Experimentally observed elliptical buckling region (Reproduced from Lehman et al., 2008). 
Lehman et al. (2008) found that the SCBF gusset plate design procedure using a 2t linear yielding region 
resulted in uneconomical gusset plate designs. As a comparison, the 8t elliptical clearance design procedure 
produced a reduction in required gusset plate area compared to the 2t design procedure. The large area of 
gusset plate required to accommodate this 2t clearance was not practical for the construction of an SCBF 
with standard bay widths and heights. The experimental results for the proposed 8tp elliptical yielding 
region showed improved drift capacity compared to the 2t gusset plates, specifically by: (1) permitting 
larger out-of-plane deformations of the braces, and (2) permitting more plate yielding. Furthermore, a 
standard design procedure for the 8t elliptical clearance gusset plate was introduced by Roeder et al. (2011), 
termed the Balanced Design Procedure.  
Hsiao et al. (2012) also investigated the secondary demands imposed on the gusset plates from the 
anticipated inelastic deformations of the braces. The gusset plates contribute to the overall nonlinear 
response of the frame by providing boundary conditions to the steel brace element. The researcher 
developed a novel gusset plate model which predicts the response of the gusset plate using a nonlinear out-
of-plane-spring. The model parameters are based on physical properties of the steel members and gusset 
plate region. A comparison of the measured behavior of the Lehman et al. (2008) test specimen to the 
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behavior simulated by the nonlinear spring model is included in Figure 1.3, to illustrate its prediction 
capability. The research found that the model allows for accurate prediction of global behavior and 
reasonable prediction of local behavior. The nonlinear spring model of the gusset plate region exhibited 
improved accuracy over pinned or rigid-ended nonlinear modeling of steel braces for seismic analysis. 
 
Figure 1.3 Comparison of the measured and simulated results using the nonlinear spring gusset plate 
model. (Reproduced from Hsiao, 2012). 
While the stable inelastic yielding and buckling behavior of the steel braces is essential to the behavior of 
SCBFs, that level of deformation capacity is not guaranteed in all CBFs systems. Low-ductility CBFs 
provide a contrast to the SCBF system in that inelastic response of the braces is often precluded by 
undesirable brittle fractures of brace connections. This connection fracture can occur since design of low-
ductility CBFs requires partial or no capacity design of connections. Bradley (2016), Bradley et al. (2017), 
Sizemore et al. (2017), and Sizemore (2017) document full-scale tests and numerical simulations conducted 
to assess the performance of low-ductility CBFs. The possibility of brace-to-gusset weld fracture was 
determined to be a critical limit state to incorporate in numerical models to assess the performance of the 
CBFs. In numerical simulations of various low-ductility CBFs, brittle weld fractures occurred and had a 
detrimental effect on the lateral resistance of the CBF system. The characteristic behavior of these frames 
beyond weld fracture is discussed in more detail in the following section, which focuses on the effects of 
components on the system level lateral load resisting behavior of CBFs. 
7 
 
Although only modern SCBFs (post-1988) are addressed in this this thesis, the experimental investigation 
of chevron CBFs with yielding beams by Sen et al. (2016) provides insights applicable to the evaluation of 
the beam design procedures and behavior of modern chevron SCBFs. Sen et al. investigated the response 
of nonductile CBFs, which were designed before the prescriptive capacity design requirements of the 
Seismic Provisions which typically result in very deep and heavy beams in the chevron configuration. These 
nonductile CBFs have beams with low axial-flexural capacities, as well as other deficiencies, such as 
nonductile braces and connections. Objectives of the experimental work included assessing the implications 
of deficiencies typical of nonductile CBFs and investigating a modern SCBF designed with yielding beams. 
Four two-story chevron braced frame specimens were experimentally tested at the NCREE laboratory in 
Taiwan. The frame specimens were characterized as follows: (1) nonductile braces and connections typical 
of a nonductile CBF; (2) increased ductility HSS braces and gusset plate connections as a repair strategy 
for specimen 1; (3) increased ductility wide flange braces and gusset plate connections as a second repair 
strategy for specimen 1; (4) compliant SCBF frame with reduced first story beam strength (i.e. “weak 
beam”).  
The researchers presented findings for each of the deficiencies addressed in each experiment. As 
anticipated, braces, beam-to-column connections, and brace-to-gusset welds that were non-compliant with 
the current Seismic Provisions endured significant damage and exhibited nonductile response. However, 
the yielding beam response of nonductile CBF chevron beams (with demand to capacities less than 2.5 per 
the current Seismic Provisions) had minimal detriment to the lateral resistance and drift capacity of the 
frame. This suggests that the yielding beam mechanism may not be a deficiency, and perhaps a reduction 
in the required capacity of chevron CBF beams could be addressed in the design provisions for modern 
SCBFs. 
To provide further evidence for the potential benefit of engaging the full flexural capacity of the beams in 
an SCBF and allowing inelastic flexural response, the previous evaluation of low-ductility CBFs observed 
a beneficial long-link eccentrically-braced frame (EBF) type mechanism that forms in a chevron story that 
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has lost a brace but engages flexural reserve strength of the beam (Stoakes, 2012; Sizemore, 2017). A 
schematic representation of the behavior of a low-ductility R=3 chevron CBF in Figure 1.4 illustrates the 
EBF mechanism concept.  
 
Figure 1.4 Expected progression of limit states for an R=3 Chevron CBF, illustrating the long-link EBF 
mechanism.  (Reproduced from Sizemore, 2017). 
A review of the research characterizing components and developing models that capture the anticipated 
nonlinear component behavior highlighted the complexities of CBF seismic response. It is particularly 
important for SCBF component models to capture their anticipated behavior when the framing system 
experiences the design-permitted large inelastic deformations. 
1.2.2 SCBF System Behavior 
The system level behavior of an SCBF is dependent on the combined effects of inelasticity of the individual 
structural components. Foundational full-scale experimental testing conducted by Roeder et al. (2011) 
improved the availability of data at the element level and at the global level for SCBFs. Improvements in 
the design of gussets were evaluated in the experimental work; and the researchers found that the HSS 
braces could provide sufficient ductility (i.e. maximum story drift ratios of 2% before brace fracture) when 
the improved gusset plate connection design was used.  
This work has additionally been utilized in the development of a more robust modeling technique for 
SCBFs. The improvements of analytical model development arise from the calibration of the models to 
well-documented experimental work. Component models that were calibrated to the empirical damage 
observations from experimental testing of frame assemblies were deemed more useful in predicting 
numerical frame behavior, as compared to components calibrated from experimental tests of isolated 
components.  
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Hsiao et al. (2013b) conducted nonlinear dynamic analyses on a set of 3, 9, and 20-story SCBFs to evaluate 
the performance of SCBFs. Their modeling and analytical approaches included the effects of the anticipated 
yield mechanisms and failure modes impacting the seismic response of SCBFs. The analytical models 
considered the inelastic behavior of the gusset plates, and it included the prediction of brace fracture to 
simulate the post-fracture response of the systems. These models had been previously developed by the 
research team and calibrated to empirical data. The set of SCBFs in the evaluation considered various 
response modification coefficients (R factors) to determine the adequacy of the selected R factors (R=3, 6, 
8) for each building model variant. Incremental dynamic analyses (IDAs) were conducted in accordance 
with FEMA P695, first, and an alternate performance evaluation procedure, second. The performance was 
evaluated according to a set of performance limit states in increasing impact on the system: brace buckling, 
brace replacement, brace fracture, and collapse. For example, in the 3-story frames, the onset of brace 
buckling typically occurred at a story drift of 0.3% and the onset of brace fracture occurred near story drifts 
of 2.5%.  
The researchers suggest that the lateral resistance of the gravity columns needs to be considered in a seismic 
performance evaluation of a lateral system. They found that modeling gravity framing produced a 
considerable reduction in the response of low-rise frame but minimal reduction in the response of high-rise 
building. As a logical basis for this argument, in the collapse of a real building, there is participation of both 
the residual lateral resistance of the CBF and the gravity columns. 
Although FEMA P695 suggests using a value of 10% story drift to indicate collapse, the researchers 
selected 5% story drift as the collapse limit state. The basis for their decision included: (1) the nonlinear 
analyses indicated sufficient accuracy up to the 5% story drift, and (2) experimental work on SCBFs 
indicated that beam-column connections and columns lose significant lateral resistance beyond this level 
of drift. In the IDA procedure, collapse is predicted by the flattening of the IDA response curves, which are 
shown in Figure 1.5; however, in the research described here, the authors found certain ground motions that 
failed to produce collapse of the CBF models. They posited that variability with minimal change in period 
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and the irregularity of the acceleration response spectra played a role in preventing certain ground motion 
IDA curves from developing the characteristic flattening indicator of collapse. 
 
Figure 1.5 IDA results for 3-story building. (Reproduced from Hsiao et al., 2013b) 
 
In general, Hsiao et al. found that using the FEMA P695 methodology with the IDA procedure resulted in 
some difficulty in estimating the appropriate system R factors and difficulty predicting system collapse. 
The alternate evaluation procedure has a more effective scaling procedure to handle ground motions at 
different hazard levels. Considering both evaluation approaches, a comprehensive performance assessment 
of SCBFs was completed. The authors stressed that a performance assessment must extend beyond 
predicting collapse for a system like the SCBF, common in high seismic regions. The ability of the 
numerical model to accurately predict various levels of damage at multiple hazard levels was also stressed. 
These arguments are consistent with the performance based earthquake engineering philosophy, which 
emphasizes that structural response should meet various performance criteria at various demand levels. 
In contrast to the highly-ductile behavior of SCBFs, a feature of the low-ductility CBF response is the early 
onset of a brittle limit state, like brace-to-gusset weld fracture, causing a large drop in system strength, 
which is schematically illustrated in Figure 1.6 and predicted throughout the research.  
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Figure 1.6 Schematic low-ductility CBF force-deformation behavior (reproduced from Sizemore, 2017). 
 
Following the steep drop in strength is a region of positive strength and stiffness that defines the limited 
post-elastic capacity of the system (at a reduced force level from the elastic region). Reserve capacity 
describes the secondary strength and stiffness exhibited by the frame in delaying collapse after the 
occurrence of brittle limit states. The research systematically identified and quantified factors contributing 
the reserve capacity and collapse prevention of low-ductility CBFs. The suite of three, six and nine-story 
R=3 CBFs and OCBFs designed, analyzed, and evaluated by Sizemore (2017) were selected to make 
comparisons to the performance assessment of SCBFs that is conducted in this thesis. The nonlinear static 
analyses originally conducted by Sizemore were reproduced, and references to collapse performance 
assessment and findings are included in a later chapter.  
A review of research conducting system level performance evaluations of CBF systems emphasizes the 
need for nonlinear building models to capture the pertinent limit states to evaluate the effects on the system 
behavior. Researchers incorporated strain-based fatigue models to capture brace low-cycle fatigue (Uriz et 
al., 2004; Uriz, 2005; Hsiao et al., 2012). The effect of the gusset plates on the brace inelasticity was 
experimentally evaluated and numerical models were developed to represent the observed behavior (Roeder 
et al., 2010; Hsiao et al., 2012; Hsiao et al., 2013a). The accuracy of the numerical frame model relies on 
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capturing physically realistic behavior of beams, columns, braces, gusset plates, and connections. In the 
seismic performance assessment of CBFs, at a minimum it is essential to evaluate collapse potential (Hsiao 
et al., 2013b). Lateral systems like those employed in high seismic regions, often are expected to meet a 
performance objective more stringent than collapse prevention, and this is foundational in the performance 
based earthquake engineering approach to designing and assessing the suitability of structural systems.   
1.2.3 Gravity Column Contribution 
The collapse of a steel building through a story mechanism necessarily involves the behavior of the 
remaining structure, namely the gravity columns. When an SCBF experiences anticipated large inelastic 
drifts in response to seismic demands, large drift demands are consequently placed on the gravity system. 
Recent research has shown the modeling choices made for gravity columns impact the predicted seismic 
performance of CBFs.  
Rai et al. (2003) conducted nonlinear analyses to perform a detailed study of a chevron OCBF damaged in 
the 1994 Northridge earthquake. The numerical model used in the research included a continuous lumped 
gravity column, which had the combined stiffness of all gravity columns in the case study building. The 
nonlinear analysis results showed the gravity columns had significant participation in resisting lateral loads, 
approximately 30% of the total shear, following the loss in system strength caused by brace buckling. The 
author suggested that the contribution of the gravity columns be recognized in the design of CBFs. 
MacRae et al. (2004) studied the impact of continuous braced bay and gravity columns on the behavior of 
CBFs with pushover and dynamic analyses. This research suggested that if no flexural stiffness was 
provided by the columns, the CBFs would develop large story drift concentrations leading to a story 
mechanism. The researchers found that as the combined stiffness of all continuous columns in the model 
increased, the story drift concentrations were reduced. This work was addressing the lack of design 
provisions ensuring the flexural stiffness across the height of the frames when column stiffness has been 
shown to be an important factor in the improvements of CBF performance. A procedure was developed to 
estimate the story drift concentrations and continuous column moment demands. 
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Flores et al. (2016) investigated the influence of modeling gravity columns as continuous in a performance 
assessment of steel moment frames. The researchers developed a steel moment frame model with a lumped 
stiffness, pinned-base continuous gravity column model. The collapse performance of a set of multi-story 
buildings with and without contribution of the gravity column was assessed by conducting nonlinear 
analyses per FEMA P695. Flores et al. found that the lumped continuous gravity column sustained flexural 
demands indicating its contribution to the lateral resistance of the system. Compared to the analyses without 
gravity column contribution, the continuous gravity column moderated the differential drift demands across 
the height of the building. While the behavior of moment frames and braced frames are inherently different, 
this work indicated that gravity column modeling has an appreciable effect of the seismic performance of 
steel structures. 
1.3 RESEARCH OBJECTIVES 
The primary research objectives addressed in this work fall within three categories. The first objective is to 
compare the system design, behavior and economy of low-ductility CBFs and SCBFs. The design of SCBFs 
for the same moderate seismic region as the comparative low-ductility frames (Sizemore, 2017) enable 
direct comparisons among the systems. The second objective is to evaluate the collapse performance of 
SCBFs designed for moderate seismic regions. SCBFs are a common system in high-seismic region, but 
their applications to moderate-seismic regions have not been addressed. The third objective is to investigate 
the seismic stability of SCBFs including the influence of gravity column continuity. Nonlinear analyses 
conducted on a set of SCBF models are useful in determining the inelastic responses of each model variation 
and in determining to what degree the modeling variations influence the structural response. 
To fulfil the primary objectives of this research, there are complementary nonlinear modeling and analysis 
objectives. A numerical model is developed to analyze a suite of SCBFs designed for moderate seismic 
regions and assess their behavior and collapse performance. Specific nonlinear modeling objectives for 
SCBFs were highlighted in the review of recent research. The element models used to represent members, 
gusset plates and connections should capture realistic behavior of SCBFs. The braces, which are the main 
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fuse element of SCBFs, should be modeled with elements that can capture tensile yielding, compression 
buckling and inelastic post-buckling response. Beams and columns elements should capture nonlinear 
flexural behavior. Gusset plates should be represented with elements of equivalent strength, stiffness, and 
deformation capacity. All elements should account for the structural degradation that occurs through cycles 
of loading. Nonlinear static and nonlinear dynamic analyses should be conducted to complete a collapse 
performance assessment per FEMA P695. 
This research is additionally investigating the applicability of a high-ductility CBF system for use in a 
moderate seismic region. The conceptual research matrix shown in Figure 1.7 illustrates the framework for 
this research.  
 
Figure 1.7 Conceptual Research Matrix 
Research on high-ductility steel CBF systems, including SCBFs and BRBFs, designed for high seismic 
regions is prevalent. Also applicable to high seismic regions, there have been numerous investigations of 
nonductile and structurally deficient steel systems like nonductile CBFs and pre-Northridge moment 
frames. Historically, this research area is readily addressed in response to structures exhibiting insufficient 
or unreliable performance during earthquakes. More recently, researchers assessed the behavior of low-
ductility CBFs commonly used in moderate seismic areas, since that behavior was previously not well 
understood. Thus, the research focus of this thesis is to investigate the remaining area of the matrix, high-
ductility systems in moderate seismic regions, which has not been explicitly addressed. Through this work, 
the behavior of the high-ductility CBF system can be directly compared to that of the low-ductility system 
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in the context of the same seismic hazard. Further, the design requirements specific to SCBFs can be 
evaluated to determine the impact those requirements had on ensuring the favorable observed behavior of 
the systems. This perspective on the design of SCBFs can be used to evaluate the design of low-ductility 
CBFs and make suggestions to improve the requirements for low-ductility CBFs.  
Furthermore, a performance evaluation of SCBFs designed for moderate seismic regions will also address 
the concept of seismic stability. The numerical models consider the destabilizing effect of gravity load on 
the lateral frame by directly modeling the gravity system and applying concentrated loads to those elements. 
The demands the SCBF must resist are amplified as the sustained frame drift increases. The numerical 
model will consider two options for representing the gravity system. The first will utilize continuous height 
columns to account for the beneficial resistance of the gravity columns contributing to the collapse 
performance. The second will pin the columns at each story height, which isolates the braced frame as the 
only component providing lateral resistance in the collapse performance. 
1.4 RELEVANT STRUCTURAL DOCUMENTS 
The table below is included to help the reader understand the abbreviated title that corresponds to each 
structural document frequently referenced throughout the text. It is also important to note that the year of 
publication specified in this table will apply to all abbreviations used throughout the text, unless otherwise 
noted. For example, the most current version of the AISC Specification for Structural Steel Buildings was 
published 2016; however, the 2010 edition was used throughout this work.  
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Table 1.1 Commonly Abbreviated Document Titles and Editions 
Title Abbreviation Complete Document Title 
ASCE 7 Minimum Design Loads for Building and Other Structures, 2010. 
AISC 360 Specification for Steel Structural Buildings, 2010. 
AISC 341 Seismic Provisions for Structural Steel Buildings, 2010. 
Steel Manual Steel Construction Manual, Fourteenth Edition, 2011. 
Seismic Manual Seismic Design Manual, Second Edition, 2012. 
A1085 HSS Tables ASTM A1085 HSS Properties and Design Strength Tables, 2013. 
CAFTB Tables Torsional and Constrained-Axis Flexural-Torsional Buckling 
(CAFTB) Tables for Steel W-Shapes in Compression, 2013. 
FEMA P695 Quantification of Building Seismic Performance Factors. (Federal 
Emergency Management Agency, 2009) 
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CHAPTER 2. DESIGN OF CONCENTRICALLY BRACED FRAME SYSTEMS 
2.1 OVERVIEW OF CONCENTRICALLY BRACED FRAME SYSTEM DESIGN 
Concentrically braced frames (CBFs) are common lateral force resisting systems that are characterized by 
high stiffness and strength. Although CBFs are efficient and have relatively simple and predictable response 
in the elastic range of behavior, the inelastic response of CBFs can vary widely depending on detailing and 
proportioning. This inelastic response is critical for seismic design, whereas wind design is based on 
nominally elastic stiffness and strength. In a low-ductility CBF system, the absence of detailing and 
proportioning requirements can have the consequence of low drift capacity and less predictable seismic 
performance. In contrast, high-ductility CBF systems are specifically detailed and proportioned to provide 
inelastic drift capacity through the axial ductility of the braces. CBFs are suitable for different seismic 
applications according to their system classification, as illustrated by the excerpt from ASCE 7 in Table 
2.1. The three CBFs included in the table are ordered according to their robustness to seismic demands from 
greatest to least. 
Table 2.1 Excerpt from ASCE 7, Table 12.2-1 
Seismic Force-Resisting System 
Response 
Modification 
Coefficient, R 
Seismic Design Category 
B C D E F 
Steel special concentrically 
braced frames 6 NL NL 160 160 100 
Steel ordinary concentrically 
braced frames 
3.25 NL NL 35 35 NP 
Steel systems not specifically 
detailed for seismic resistance 
3 NL NL NP NP NP 
Numbers under Seismic Design Category heading are permissible building height in ft. 
NL: No Limit. NP: Not Permitted. 
In the design of a CBF as a seismic force resisting system (SFRS), there is a corresponding response 
modification coefficient, or R value, that is used to reduce the system’s elastic design force in order to 
introduce inelastic behavior when resisting lateral forces. A frame designed with reduced seismic forces is 
expected to reach approximately the same drift capacity as the frame designed for the elastic load level. As 
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the R value increases, the seismic analysis and design requirements generally increase; however, this 
permits the use of these systems in regions with a higher seismic risk. The United States is separated into 
distinct seismic design categories (SDC) which dictate permissible lateral frame systems and their 
corresponding height limitations. The following section will discuss the design requirements of the three 
CBF systems compared in this study.   
The R=3 CBF is a low-ductility CBF suitable for moderate seismic regions. It is classified under the 
category “steel systems not specifically detailed for seismic resistance,” and can only be designed in SDCs 
B and C. The design forces are allowed to be reduced by the R value without any explicit seismic design 
requirements. The design of these CBFs is governed by AISC 360, thus, the consideration of AISC 341 is 
not required. R=3 CBFs are not permissible in higher SDCs because of this lack of seismic design 
considerations and lack of detailing for ductility. These are commonly designed systems in low seismic 
regions because of their simplicity and economy. 
Ordinary concentrically braced frames (OCBFs) are low-ductility systems permissible in SDCs B and C 
with no height limitations or in SDCs D and E at a maximum system height of 35 ft. OCBFs have increased 
seismic requirements beyond R=3 CBFs. AISC 341 stipulates the use of amplified seismic forces to 
proportion members and connections in the frame. In CBFs with a V or inverted-V configuration, beams 
are to be designed for a seismic load effect that is the least of: expected brace forces in tension and 
compression, the amplified seismic load effect, or the maximum force that can be developed in the system. 
Axial ductility must be considered in the design of braces in OCBFs. The braces must satisfy width-to-
thickness requirements for moderately ductile members and global slenderness limits. The required strength 
of brace connections is the lesser of: the brace expected strengths in tension and compression or the 
amplified seismic load.  
Special concentrically braced frames (SCBFs) are classified as high-ductility systems and are most 
commonly used in high seismic regions. However, SCBF are permissible in low, moderate, and high 
seismic regions with height limitations in SDCs D, E, and F. The design strength of braces in SCBFs shall 
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be sufficient to resist the seismic load effect, and the braces should meet requirements for global slenderness 
and high-ductility members. AISC 341 requires an additional analysis where the expected brace strengths 
are applied to the remaining frame members and connections for the purpose of capacity design. Beams 
must satisfy requirements for moderately ductile members, and columns must satisfy requirements for 
highly ductile members. Because of the additional seismic design and detailing requirements, SCBFs are 
uncommon in low seismic regions where simpler low-ductility CBFs are permitted. The increase in system 
requirements tends to increase the system cost. However, these design considerations are intended to ensure 
large inelastic drift and energy dissipating capacities for SCBFs, yielding better seismic performance. Table 
2.2 provides a summary of the differences in the design requirements among the CBF systems. 
Table 2.2 Comparison of CBF Design Requirements 
System AISC 360 
AISC 341 
Capacity Design 
Brace Detailing 
b/t KL/r 
SCBF X Yes X ≤ 200 
OCBF X Partial X ≤ 4√(E/Fy ) 
R=3 X No     
 
2.2 PROTOTYPE BUILDING 
For this study, a set of SCBFs were designed to investigate the behavior of high-ductility systems in 
moderate seismic regions. The set consists of six different frames which considers the influence of 
variations in design choices, specifically brace configuration and the number of stories per building. This 
section will introduce the prototype building for which these different SCBFs are designed. The building 
floor plan geometry, gravity loading, and geographical location remain constant throughout all frame 
designs discussed herein. 
The prototype building for this study is based on the prototype building used in previous analyses of low-
ductility braced frames systems (Sizemore, 2017 and Bradley, 2016). This prototype building was selected 
to maintain consistency with low-ductility braced frame assessments for moderate seismic regions and to 
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permit the direct comparison of system design and behavior. The original prototype building configuration 
and loading was adapted from the three-story SAC Joint Venture prototype building (Krawinkler, 2000). 
The prototype building floorplan is 150 ft. by 175 ft., composed of 5 bays at 30 ft. and 5 bays at 35 ft. width 
respectively. The building has a uniform story height of 15 ft.  Figure 2.1 illustrates the configuration of 
the prototype building in plan and elevation. Although the three-story chevron configuration is shown, this 
section will summarize the designs of three, six, and nine-story braced frames in both chevron and split-x 
configuration. Appendix A provides the detailed design procedure for the three-story chevron SCBF.  
The three-story prototype building is assumed to have two braced frames resisting lateral forces in each 
orthogonal direction, which is illustrated in the floorplan. The six and nine-story buildings are assumed to 
have four braced frames resisting lateral forces in each direction. The design assumption that four braced 
frames were needed in each direction for the taller buildings was consistent with the previous low-ductility 
braced frame assessments.  
   
                                          (a)                                                                                    (b) 
Figure 2.1 Prototype building: (a) floorplan and (b) elevation 
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The two orthogonal directions of the braced frames have different loading conditions based on their 
orientation in the structural floor system. One direction is parallel to primary structural members; thus, it 
has a span of 30 ft. and has secondary floor beams framing into it at 10 ft. spacing. The other direction has 
the longer span of 35 ft. and no secondary members framing in to the main braced frame beams. The braced 
frame orientation considered in this study and in previous experimental and analytical work is the second 
option, which maximizes beam span rather than maximizing direct gravity load applied to braced bay 
beams. 
The prototype building was assumed to be an office building for the determination of floor live load 
according to ASCE 7, Table 4-1, which stipulates a 50 psf. live load. In addition to this occupancy live 
load, a 15 psf. partition loading was assumed. Table 4-1 specified a minimum roof live load of 20 psf.; 
however, a more conservative 30 psf. was assumed to retain consistency with previous studies’ design 
assumptions. The estimated dead load was assumed to be consistent with that developed for previous studies 
using the same prototype building. Snow loading was determined from ASCE 7-1, Chapter 7 to be 28 psf. 
A summary of the gravity loading used to analyze and design the set of SCBFs can be found in Table 2.3. 
Table 2.3 Summary of Gravity Loading 
Level 
Dead Load Live Load Snow Load 
(psf) (psf) (psf) 
Roof 30 30 28 
Floor 75 65 – 
 
The building structure was designed using load and resistance factor design (LFRD) considering all 
applicable LRFD load combinations per ASCE 7. The complete list of load combinations (LCs) considered 
follows:  [1] 1.4D; [2] 1.2D + 1.6L + 0.5(Lr or S or R); [3] 1.2D + 1.6(Lr or S or R) + (L or 0.5W); [4] 
1.2D + 1.0W + L + 0.5(Lr or S or R); [5] 1.2D + 1.0E + L + 0.2S; [6] 0.9D + 1.0W; [7] 0.9D + 1.0E.  
LCs including lateral loading consider either the effect of wind or seismic. After conducting an ASCE 7 
wind load analysis for the main wind force resisting system (MWFRS), it was determined that the seismic 
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load effect exceeded the wind load effect for the set of prototype buildings. Therefore, the LCs that 
controlled the design of the braced frames were LC [5] and LC [7] including seismic forces, and LC [2] 
including gravity demands. The following section will detail the determination of seismic forces following 
the ASCE 7 procedure for use in the above LCs.  
2.3 SEISMIC DESIGN OF PROTOTYPE BUILDING BRACED FRAMES 
The prototype building is located in Boston, Massachusetts to permit the study of a high-ductility system 
within a moderate seismic region. The building was assigned Seismic Design Category (SDC) B according 
to ASCE 7, Section 11.6, based on risk category I and the spectral response acceleration parameters, SDS 
and SD1, shown in Table 2.4. The period at which the design response spectrum branches from the plateau, 
Ts = SD1/SDS, is 0.48s for Boston. As discussed previously, low-ductility CBFs, namely R=3 and OCBFs, 
are suitable for design in SDC B, so an SCBF, a high-ductility CBF, would not commonly be designed in 
this region. To provide a comparison, Table 2.4 also includes the spectral response acceleration parameters 
for Seattle, a high seismic region in the US where the use of SCBF system would be typical. Note that the 
higher design spectral response acceleration parameters in a high seismic region correspond to an increased 
design response spectrum. 
Table 2.4 Comparison of Spectral Response Acceleration Parameters (USGS, 2008) 
Location SDS SD1 SDC 
Boston, MA 0.231g 0.111g B 
Seattle, WA 0.912g 0.530g D 
   
Equivalent lateral force (ELF) analysis is a permitted analytical procedure for all structures in SDC B as 
defined by ASCE 7, Table 12.6-1. The ELF procedure was selected because of its straightforward approach 
and it being a common choice for a practicing structural design engineer when permissible. Additionally, 
this choice was consistent with the design of low-ductility CBFs in the same moderate seismic region as in 
Sizemore (2017). Maintaining the same analysis procedure between frames in this study and the previous 
low-ductility frame study will introduce fewer differences in the design process, making for more direct 
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comparisons between the two system types. This section will only encompass the analysis and design of 
the SCBF prototype frames. Details on the analysis and design of the prototype low-ductility CBFs can be 
found Sizemore (2017).  
The ELF procedure is used to determine the seismic base shear and the vertical distribution of those seismic 
forces for use in load combinations that include the seismic load effect. The prototype building has seismic 
weights assigned per level as listed in Table 2.5.  
Table 2.5 Seismic Weight Per Level 
Level 
Seismic Weight, 
Wx (kips) 
Roof 1340 
Floor 2530 
 
Recall that the three-story SCBFs are designed to have two braced frames resisting each orthogonal 
direction of loading; whereas, the six and nine-story frames are designed to have four braced frames 
resisting each orthogonal direction of loading. The larger number of frames explains why the final seismic 
base shear for the six and nine-story frames shown in Table 2.6 is less than that of the three-story frame, 
even though the six and nine-story frames have higher total seismic weights. The fundamental period of the 
braced frames was determined by an eigenvalue analysis on each design iteration of each frame. It was 
determined that for the three-story frames, the calculated periods of both frame configurations were between 
the approximate fundamental period, Ta, and the period at the end of the response spectrum plateau, Ts. 
Therefore, Ta was used to calculate the seismic base shear, V. For the six and nine-story frames, the 
calculated periods of all frame configurations were greater than Ts and CuTa, so CuTa limited the design 
base shear calculation. The final design base shear is listed for each frame height in Table 2.6.  
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Table 2.6 Summary of Seismic Design Parameters and Design Base Shear 
No. 
Stories 
Total Seismic 
Weight, W (kips) 
No. frames 
in ea. dir. 
Ta (s) CuTa (s) 
V per frame 
(kips) 
V total 
building (kips) 
3 6400 2 0.347 0.556 123 246 
6 13990 4 0.584 0.935 69 276 
9 21580 4 0.792 1.267 79 316 
[a]: Ta was used to calculate V (Ta < T < Ts); [b] CuTa was used to calculate V (Ts<CuTa<T), where T was determined 
from an eigenvalue analysis of the current iteration of frame designs.  
2.3.1 SCBF Brace Design 
The brace demand was then calculated according to LCs that included the horizontal distribution of seismic 
forces determined from the ELF analysis. The load combination that maximized the brace compression 
demand was LC [5]: (1.2D + 0.2SDS)D + QE + L +0.2S, where a 0.5 factor was taken for the live load in 
accordance with ASCE 7, Section 12.4.2.3. The load combination that maximized the brace tensile demand 
was LC [7]: (0.9 – 0.2SDS)D + QE + 1.6H, where H was taken as zero. A simple truss analysis was conducted 
to resolve the gravity and lateral loading through the braced frames.  
The new ASTM A1085 material specification for hollow structural sections (HSS) was selected for the 
braces. The material specification indicates Fy = 50 ksi and Ry = 1.25. The previous standard material 
specification for HSS braces, ASTM A500, had Fy = 46 ksi and Ry = 1.4. This larger Ry represented a greater 
variability in the actual yield strength of the A500 steel. The choice to use A1085 HSS braces allows for 
more certainty in the strength calculation of the brace members both in sizing the members to have sufficient 
capacity and for estimating the demands induced by the braces when they are assumed to be at full strength. 
AISC 341 section F2.5 requires that braces satisfy the requirements for highly ductile members, as 
stipulated in Table D1.1 of the reference. Table D1.1 states that the width to thickness ratio, λ = b/t, shall 
be less than the limiting width to thickness ratio for highly ductile members, λhd = 0.55√(E/Fy). This width 
to thickness requirement addresses the cross-section resistance to local buckling limit states. All brace 
cross-sections used in the SCBF frame designs had λ ≤ λhd = 13.2. AISC 341 Section F2.5 also required 
that all braces have slenderness ratios, KL/r ≤ 200. The work-point to work-point length of 23 ft. was used 
to determine KL/r and the corresponding compression buckling strength of the braces. One brace size was 
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selected for each level to account for load reversal. The final brace selections were the most efficient 
members that met the required: (1) width to thickness, (2) slenderness, and (3) the maximum compression 
and tension demands from the truss analysis.   
2.3.2 SCBF Capacity Design Analyses 
Once the braces were chosen, AISC 341 required two additional structural analyses, as defined in Section 
F2.3, be conducted to determine the required strength of the remaining frame members, namely the 
columns, beams, and connections. The analyses are a method of capacity designing the remaining frame 
members to have adequate strength to resist the forces generated by the braces when they are at their 
expected strengths. Analysis Case (i) assumes all braces to resist their expected strength in tension and 
compression, calculated according to Eq.2-1 and Eq.2-2, respectively. 
Expected brace strength in tension, RyFyAg    (Eq.2-1) 
Expected brace strength in compression, 1.14FcreAg          (Eq.2-2) 
Analysis Case (ii) assumes all braces to resist their expected strength in tension and expected post-buckling 
strength in compression, calculated according to Eq.2-3 and Eq.2-4, respectively. 
Expected brace strength in tension, RyFyAg    (Eq.2-3) 
Expected post-buckling brace strength in compression, 0.3(1.14FcreAg)        (Eq.2-4) 
Where Fcre is determined from AISC 360 Chapter E, using RyFy in place of Fy in both Eq.2-2 and Eq.2-4. 
The AISC 341 F2.3 Case (i) and Case (ii) analyses require that the brace length used to determine Fcre not 
exceed the actual brace end to brace end length. This note ensures the calculated demands for capacity 
design are not underestimated because of an underestimate in the brace strength in compression. It was 
determined from various design iterations of framing members and gusset plates that the actual end-to-end 
length of the brace could be approximated as Lact=2/3Lwp.  
The capacity design requirements for SCBFs are a method of considering the anticipated inelastic behavior 
of the braces and their effect on the rest of the frame members. The SCBF system relies on the inelastic 
26 
 
behavior of the braces to provide large inelastic drift capacity in resisting seismic demands; therefore, it is 
necessary to consider those potential demands in the design. This rigorous requirement does not exist in the 
design of low-ductility braced frames since brace elements are expected to only undergo limited inelastic 
behavior (OCBF) or are expected to undergo no significant inelastic behavior (R=3). An assumption 
inherent in the capacity design analyses required by AISC 341 is that it relies on all braces theoretically 
reaching their expected strengths simultaneously. In a realistic frame, this would require that the distribution 
of mass and accelerations throughout the building to be proportioned to generate inelasticity at all levels. 
In the design of general SCBFs, the distribution of seismic mass and the expected strengths of the selected 
braces at each level are not guaranteed to be proportional, since the equivalent lateral forces alone do not 
designate the required capacity. The high-ductility member requirements for braces often require a larger 
brace size than needed for only ELF because the b/t requirements limit the available choices for the braces. 
2.3.3  SCBF Column Design 
Reference Appendix A for a detailed example of the design procedure for columns in SCBFs. This section 
will discuss the analysis that was used to determine demands on the columns and additional requirements 
specific to the design of SCBF columns. 
Two analyses were considered for the design of columns within the SCBFs. Analysis option one considered 
the F2.3 Case (i) analysis described above which maximized the axial demands on the columns from the 
expected brace strengths. The AISC 341 F2.3 Exception 2(a) was considered as analysis option two, which 
permits an analysis of the braced frame with all compression braces removed and the amplified seismic 
load used within the applicable LCs. The Seismic Manual Example 5.3.3 indicates that for typical frames 
without interior columns in the braced frame, the inclusion of the compression braces in the model for the 
analysis is appropriate to determine the required strength of braced bay exterior columns. Since the SCBFs 
designed for this study span one bay, all columns are considered exterior. Analysis option two was 
conducted with a model including all braces, where the amplified seismic load, overstrength factor 
multiplied by the ELF profile, was used in LC 5 to determine the maximum column compressive demands.  
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AISC 341 permitted using the lesser demands that arose from analysis option two to design the braced bay 
columns rather than the demands from option one.  
Second order effects needed to be considered for the design of the columns since the load combination 
including amplified seismic was used. Since AISC 341 F2.3 Exception 1 permits neglecting flexural forces 
that result from seismic drift of the braced frame, moment demands were not considered on the columns 
and a B1 factor did not need to be calculated. B2 was calculated at all levels for each frame, but for simplicity, 
the largest B2 amplification from all levels in a given frame was used conservatively to design columns at 
all levels. The B2 factor was additionally less than 1.5 for all frames, therefore the effective length method 
was used for stability design. 
The columns of the braced frame shall satisfy requirements for high-ductility members according to AISC 
341 Section F2.5a. The standard ASTM A992 material specification was used for W Shape. This permitted 
the use of Table 1-3 in the Seismic Manual to identify cross sections which were suitable as high-ductility 
columns in the SCBFs. 
2.3.4 SCBF Beam Design 
Reference Appendix A for the specific design example of beams in a three story chevron SCBF. In chevron 
frames, the brace configuration framing into the beams is uniform at all stories, so a consistent analysis and 
design procedure could be followed. In split-X frames, the brace framing condition alternates at each story, 
so beams either have two braces above and below framing into midspan or no braces framing into midspan. 
In split-x frames with an odd number of stories, the framing condition of the roof beam is identical to those 
in a chevron frame. This section will discuss the analysis that was used to determine demands for each 
beam case and additional requirements specific to the design of SCBF beams. 
Two analyses were considered for the design of beams within the SCBFs. The AISC F2.3 Case (i) analysis 
and Case (ii) analyses maximized either the axial or moment demands, respectively. The axial and moment 
demand pairs (Pu, Mu) from each analysis case were used to check interaction for the beam cross sections. 
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Since the analyses required by F2.3 apply the expected brace strengths to remaining frame members, the 
configuration of braces framing into the beams determined the level of load induced in those members. In 
the chevron braced frames, two braces framed into the midspan of the beam above which creates a large 
unbalanced force that the beam must be designed to resist.  
In the split-x braced frames, there were three possible brace framing configurations. In frames with an odd 
number of stories, the roof beam configuration was identical to the typical chevron brace configuration. At 
the interior level of the two-story split-x, the beam had two braces framing in from above and two braces 
framing in from below, for a total of 4 braces connecting at midspan. The presence of braces above and 
below the beams reduced the net unbalanced force applied to the beam in the capacity design procedure. 
When the brace cross sections are identical above and below the beam being designed, there are no 
additional unbalanced force demands, so the beam is designed for the applied gravity loading only. At the 
beam ends in the two-story split-x configuration, the braces connect through the beam-column centerline 
workpoint. This framing configuration applies an axial force to the beam generated by the unbalanced brace 
strengths. The beam section moment demands only result from the applied gravity loading in this brace 
configuration.  
The beams were designed to provide sufficient capacity to resist the interaction of (Pu, Mu) demands from 
the controlling analysis and load combinations. The flexural strength was governed by the plastic capacity 
of the beam sections since the concrete floor slab continuously bracing the top flange of the beam prevents 
the lateral-torsional buckling limit state. The compressive strength of the beam sections was governed by 
the constrained-axis flexural-torsional buckling (CAFTB) limit state. Additional torsional bracing was 
assumed to be provided at midspan so that the braced length used for CAFTB could be taken as half of the 
beam span. This is a conservative estimate of the available compressive strength when the required distance 
between out-of-plane bracing for the moderately ductile members was less than half of the span.  
The beams in chevron or split-x SCBFs must satisfy the requirements for moderately ductile (MD) members 
according to AISC 341 section F2.4b. Seismic Manual Table 1-3 was used to select cross-sections that 
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satisfy the requirements of MD members. Additionally, the selected sections were assumed to be braced at 
the required beam bracing length for MD members, Lb,md, defined in AISC 341 section D1.2a(3). It was 
determined to be more economical to provide additional bracing when required rather than increasing 
member size to a selection with sufficiently large braced length.  
2.4 SUMMARY OF SCBF MEMBER DESIGNS 
The final member designs for all SCBFs are summarized in this section. The naming convention follows 
the format: SCBF – CONFIGURATION – STORIES. For example, SCBF – CH3 is the 3-story chevron 
SCBF. The fundamental periods of the final member designs are included in  
Table 2.7 SCBF - CH3 Member Sizes  
Level Braces Beams Columns 
3 HSS4x4x1/2 W36x160 
W14x68 2 HSS5-1/2x5-1/2x3/8 W36x182 
1 HSS6x6x3/8 W36x182 
 
Table 2.8 SCBF - SX3 Member Sizes 
Level Braces Beams Columns 
3 HSS4x4x1/2 W36x135 
W14x68 2 HSS5-1/2x5-1/2x3/8 W18x55 
1 HSS6x6x3/8 W18x55 
 
Table 2.9 SCBF - CH6 Member Sizes 
Level Braces Beams Columns 
6 HSS4x4x1/4 W30x108 
W14x68 5 HSS4-1/2x4-1/2x5/16 W36x135 
4 HSS5x5x5/16 W36x150 
3 HSS5x5x5/16 W36x150 
W14x132 2 HSS5x5x5/16 W36x150 
1 HSS5x5x3/8 W36x160 
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Table 2.10 SCBF - SX6 Member Sizes 
Level Braces Beams Columns 
6 HSS4x4x1/4 W16x40 
W14x68 5 HSS5x5x5/16 W24x84 
4 HSS5-1/2x5-1/2x3/8 W18x55 
3 HSS6x6x3/8 W18x55 
W14x132 2 HSS7x7x1/2 W24x84 
1 HSS7x7x1/2 W16x31 
 
Table 2.11 SCBF - CH9 Member Sizes 
Level Braces Beams Columns 
9 HSS4x4x1/4 W30x108 
W14x68 8 HSS4-1/2x4-1/2x5/16 W36x135 
7 HSS5x5x5/16 W36x150 
6 HSS5x5x5/16 W36x150 
W14x132 5 HSS5x5x5/16 W36x150 
4 HSS5x5x3/8 W36x160 
3 HSS5x5x3/8 W36x160 
W14x145 2 HSS5x5x3/8 W36x160 
1 HSS5x5x3/8 W36x160 
 
Table 2.12 SCBF - SX9 Member Sizes 
Level Braces Beams Columns 
9 HSS4x4x1/4 W30x108 
W14x68 8 HSS5x5x3/8 W24x84 
7 HSS5-1/2x5-1/2x3/8 W18x55 
6 HSS6x6x1/2 W24x76 
W14x132 5 HSS7x7x1/2 W24x84 
4 HSS7x7x1/2 W16x31 
3 HSS7x7x1/2 W16x31 
W14x145 2 HSS8x8x1/2 W24x62 
1 HSS8x8x1/2 W16x31 
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Table 2.13 Fundamental periods of the SCBFs 
Frame ID 
Fundamental 
period, T1 (sec) 
SCBF - SX3 0.67 
SCBF - CH3 0.63 
SCBF - SX6 0.97 
SCBF - CH6 1.08 
SCBF - SX9 1.56 
SCBF - CH9 1.75 
 
2.5 COMPARISON OF LOW-DUCTILITY AND HIGH-DUCTILITY CBF DESIGNS 
Table 2.14 provides a comparison of the total braced frame system weights between the SCBFs designed 
in this chapter and the previously investigated low-ductility CBFs, the R=3 and OCBF (Sizemore, 2017). 
The system weights were calculated using member unit weights and the work-point lengths of each 
member. This method is a conservative estimate of the system weight, since realistic member lengths are 
less than the work-point length for most members (e.g. beams, braces). The low-ductility CBF designs were 
referenced from Sizemore (2017), and the aforementioned system weight estimate was used to calculate 
the weights of these systems also. For this reason, there may be differences between the weights presented 
here and what was presented in the original work. The chevron and split-x SCBFs are approximately 2.5 
and 2 times the weight of the R=3, respectively, which has no seismic design considerations. 
Table 2.14 Summary of CBF System Weights[a] (US tons) 
Frame 
Type 
3 Story 6 Story 9 Story 
CH SX CH SX CH SX 
SCBF 13.3 9.1 26.4 19.0 42.9 32.7 
OCBF 9.8 6.9 18.4 12.6 33.0 24.1 
R=3 5.9 5.9 12.0 11.8 22.2 21.8 
[a]: The weights shown are for one braced frame. 3 story frames have two braced frames in 
each direction. 6 and 9 story frames have four braced frames in each direction. 
There are competing factors in the designs of the low-ductility and SCBFs. The R factors are lower for the 
low-ductility frames (i.e. 3 and 3.25 compared to 6). All else being equal, the frames with lower R values 
should be heavier than frames with higher R values, simply because the seismic load level of the low-R 
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frames is higher. However, inherent in the higher R values are additional seismic design requirements which 
typically require increases in member or connection capacity beyond the equivalent lateral forces. Taking 
this aspect of the seismic design process into consideration, the system weights of SCBFs being heavier is 
understandable. 
There is an interesting comparison to be made between the system weights of SCBF SX and OCBF CH for 
the three and nine-story designs. The SX SCBF is lighter than the OCBF CH. This indicates that if the 
alternating brace configurations of the SX can be accommodated in a building, there is an opportunity to 
design a high-ductility CBF that is lighter than its low-ductility alternatives. This trend did not hold for the 
six-story frames, but the system weights remain similar between the SCBF SX and the OCBF CH. 
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CHAPTER 3. NUMERICAL MODEL 
3.1 INTRODUCTION 
The structural designs for the suite of SCBFs were translated to a numerical model in order to analytically 
investigate the behavior of the SCBF systems and make comparisons to the behavior of other CBFs. A 
numerical model was created that captures the pertinent nonlinear structural behavior, and these modeling 
decisions were informed by both the expected behavior and previously observed experimental behavior of 
CBFs (Hsiao et al. 2012, 2013; Sen et al. 2016). There was a motivation to retain similarities between the 
SCBF model and the models developed for the recent comprehensive performance assessment of low-
ductility CBFs in order to facilitate comparisons at the global and element levels (Sizemore, 2017). The 
essential modeling decisions and assumptions were retained and the modeling framework created by 
Sizemore was adapted to evaluate the SCBFs in this research. This section will introduce the model, discuss 
the components, and provide detailed information used in element formulations in the SCBF models. Where 
distinctly different modeling decisions were made for the SCBFs, this section will also emphasize those 
differences, their justifications, and their implications to the recorded system structural behavior.    
3.2 MODEL DETAILS 
3.2.1 Modeling Platform 
The Open System for Earthquake Engineering Simulation (OpenSees) was selected as the computational 
platform for this research (McKenna, 2006). Considering the model was to be used to conduct nonlinear 
analyses per FEMA P695 (2009), the choice of modeling software was driven by the requirements of 
nonlinear modeling and analysis set out in Section 6.1.1 of said document. The first software requirement 
was that the chosen software could perform reliable nonlinear static and nonlinear dynamic analyses, which 
OpenSees, among other contemporary structural analysis programs, is capable of conducting. Secondly, the 
modeling elements must be capable of capturing both strength and stiffness degradation at large drifts. 
OpenSees has the ability to capture the strength degradation of structural components with various 
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elements. This model employs both a nonlinear spring deterioration model and a fatigue material to account 
for the cyclic degradation of structural components throughout the CBF. Implied within the second FEMA 
P695 requirement is the software’s ability to converge analyses when the frame is subjected to large drifts. 
OpenSees allows users to specify numerous algorithms to try to obtain convergence. The modeling factors 
affecting convergence and the techniques employed to obtain convergence are discussed later in this 
chapter.  
3.2.2 Model Geometry 
The symmetry of the floorplan allowed the modeling of a single braced frame and its tributary gravity 
columns. The behavior of all braced frames resisting lateral loads in their principal directions was assumed 
identical, so the model size could be reduced and torsion could be considered negligible. For the three-story 
frames, half of the building’s gravity columns were modeled, for a total of 18 columns. For the six and 
nine-story frames, a quarter of the building’s gravity columns were modeled, for a total of 9 columns. The 
model is based off of member centerline geometries so the system is adaptable to numerous frame designs. 
To account for the depths of members and connections, rigid regions were modeled at beam-to-column 
connections, beam-column-gusset regions, and at midspan beam-gusset regions. This is schematically 
shown in Figure 3.1, which details all braced frame modeling components that will be further discussed. 
 
Figure 3.1 Schematic representation of OpenSees numerical model (only braced frame shown). 
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Because of the interest in computational efficiency, the model was created in 2D with the following 3 
degrees of freedom at each node: Δx, Δy, θz. The choice to model in 2D constrained the brace buckling to 
occur in the plane of the frame, although actual brace behavior would see buckling occur out of the plane 
of the frame. Previous numerical studies in OpenSees have found that modeling in-plane brace buckling 
does not compromise the accuracy of the recorded behavior as compared to a 3D model capturing out-of-
plane buckling (Terzic, 2013). 
3.2.3 Elements 
Beams and columns in both the braced bay and gravity bays were modeled with concentrated plasticity 
elements. Concentrated plasticity element models are constructed from a moment-rotation relationship. 
These models are computationally efficient since the moment-rotation behavior is resolved at a discrete 
point in the model. Structural component deterioration can also be easily captured with a concentrated 
plasticity element by prescribing a hysteretic response that includes cyclic deterioration. Capturing member 
degradation is important since it has a direct effect on the seismic performance of a structural system. A 
limitation of the concentrated plasticity model is that is does not readily account for axial-moment 
interaction; however, in cases where neglecting this interaction would be unconservative, the moment 
capacity can be artificially reduced by the anticipated axial demand as an approximate means of capturing 
the behavior. To construct a complete length of beam or column, an elastic beam element was combined 
with nonlinear rotational springs placed at the approximate plastic hinge locations. 
In OpenSees, concentrated plasticity in the beams and columns was modeled with the modified Ibarra-
Medina-Krawinkler (IMK) deterioration model with bilinear hysteretic response (Ibarra et al., 2005; Lignos 
and Krawinkler, 2009). The IMK model is a phenomenological model defined by anticipated moment-
rotation behavior rather than engineering first principles. Figure 3.2 shows the backbone curve and 
associated bilinear hysteresis for the IMK model, which are defined from a set of strength parameters and 
deformation parameters, listed in Table 3.1. This structural component deterioration model was adopted by 
PEER/ATC (2010). 
36 
 
 
Figure 3.2 Backbone curve and cyclic deterioration for the IMK deterioration model, (reproduced from 
Lignos and Krawinkler, 2011). 
 
Table 3.1 IMK Deterioration Model Parameters 
Parameters Formulation Description 
Elastic Stiffness, Ke Ke = 6EI/L Double curvature. 
Effective yield moment, My My = RyFy Expected yield strength. 
Capping moment, Mc Mc/My = 1.1 Recommended by PEER/ATC 72-1. 
Residual strength, κ κ = Mr/My = 0.4 Recommended by PEER/ATC 72-1. 
Effective yield rotation, θy Ke = My/θy Determined from yield moment. 
Plastic rotation, θp Regression 
equations       
(Lignos and 
Krawinkler, 2010). 
Parameters calibrated to database of 
experimental data for steel 
connections. Model adopted by 
PEER/ATC (2010). 
Post-capping plastic rotation, θpc 
Deterioration parameter, Λ 
Ultimate rotation, θu 0.5 Describes onset of ductile tearing. 
Stiffness amplification, n 10 Ensures deformation occurs in spring. 
 
The deformation parameters are determined from regression equations developed from experimental test 
results of steel wide-flange beams (Lignos, 2011). The regression equations representing the full data set 
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depend on the physical properties of the steel components, including: width-to-thickness ratios (h/tw and 
bf/2tf), span-to-depth ratio (L/d), beam depth (d), and yield strength (Fy). Additionally, regression equations 
were developed for a subset of the data with beam depth greater than 21 inches, and regression equations 
for these deterioration parameters included additional dependence on a lateral-torsional buckling parameter 
(Lb/ry) and increased dependence on width-to-thickness ratios (h/tw and bf/2tf). In the SCBF models, beams 
with depth greater than 21 inches, particularly frames- with chevron brace configuration, utilized the deep 
beam regression equations to define the deformation parameters of the IMK models.  
The gravity columns were explicitly modeled to introduce destabilizing P-Δ effects in the system and 
provide the option for adding additional lateral resistance to the LFRS in assessing collapse performance. 
Gravity columns were connected to the braced frame and to each other with an assumed rigid diaphragm 
constraint to transmit P-Δ. It was previously mentioned that these IMK spring elements do not capture the 
reduction in available moment capacity of an element due to the effect of axial-moment interaction. For the 
columns in the model, the axial demand was calculated from the applied gravity loading. This computed 
demand and the axial buckling capacity determined for the column members were used in the AISC 360-
10 Chapter H interaction equations to estimate the reduction in moment capacity for all columns in the 
model. An additional consideration had to be made for half of the total gravity columns that were oriented 
in weak axis bending per the prototype building plan. The parameters used to define the IMK were not 
calibrated to empirical data of weak axis bending of elements, so simplifications had to be made in the 
estimation of those spring parameters. Specifically, the potential for cyclic deterioration was removed for 
these elements and the plastic rotation capacity, θp, was assumed equal to 10%. 
Braces were modeled with distributed plasticity elements, which are elements that allow for the spread of 
plasticity throughout the element. Distributed plasticity elements are capable of capturing plasticity at any 
point along the length of the member. They are particularly well suited for modeling buckling behavior 
since they can capture P-δ effects, which is the amplification of member forces arising from member 
deformation away from its chord. When creating distributed plasticity elements, the cross-section must be 
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modeled with discrete fiber elements, and this has the ability to directly capture axial-moment interaction 
in the member. A disadvantage of using these elements in a structural model that is used to predict collapse 
when subjected to seismic demands is that the elements do not readily capture any effects of cyclic 
degradation. Alternate approaches must be considered to account for this effect since it has a depreciating 
effect on the performance of real structural systems.   
In OpenSees, displacements based elements were selected as the distributed plasticity element of choice for 
the braces. Displacement based elements do not require the explicit formulation of force equilibrium at each 
element and instead use a formulation of compatibility between section and element deformations. This 
provides an advantage in achieving convergence for models that undergo significant deformation and 
strength loss.  
The ASTM A1085 braces were modeled with the Steel02 material model in OpenSees, which uses the 
Menegotto-Pinto model. The variables that define the material model included: yield strength, Fy, initial 
elastic stiffness, E0, strain hardening ratio, b, and three empirical parameters, R0, CR1 and CR2. The effect 
of material overstrength was accounted for in the model by using RyFy (1.25 ∙ 50 ksi) as the yield strength 
definition. The elastic stiffness was 29000 ksi. Karamanci and Lignos (2014) recommended the values of 
the four remaining parameters (b=0.001, R0=22.0, CR1=0.925, and CR2=0.25).  
The HSS brace cross section was modeled with fibers across its width and through its wall thickness. The 
number of fibers selected was consistent with the recommendations by Karamanci and Lignos (2014) which 
was 10 fibers across the width and 4 fibers through the wall of the HSS. The brace was divided in to 8 sub-
elements along the length of the brace in order to impose the initial imperfection necessary to simulate 
brace buckling. The initial imperfection of the brace was imposed in a sine sweep with amplitude L/1000 
for all brace sizes represented in the model. This deformation away from chord is consistent with the 
allowable construction tolerances of steel members defined by AISC 303, the Code of Standard Practice 
(2016). Additionally, this was the imperfection suggested by previous researches to ensure adequate 
capturing of global buckling (Karamanci and Lignos, 2014; Sizemore, 2017). Larger imperfections could 
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be used to match the brace behavior to experimental data. In the absence of experimental data for SCBF 
systems design for moderate seismic regions, a more accurate calibration of the brace model to the specific 
brace sizes was not conducted.  
Another simplification had to be made for the brace model related to the direction of buckling. In the 2D 
model, the brace was only permitted to buckle in the plane of the frame, which is not consistent with realistic 
behavior of braced frames where buckling occurs out-of-plane. The appropriateness of this modeling 
simplification was previously verified by other researchers (Terzic, 2013). This modeling simplification 
also required the adjacent elements to accommodate in-plane rotations, specifically the spring elements at 
the end of the brace representing the gusset plates. 
As previously mentioned, distributed plasticity elements alone do not capture the effects of strength 
deterioration of structural members. It is typical to apply a strain based model that accumulates damage and 
reduces the strength of the fiber section when accounting for this effect on distributed plasticity elements. 
The fatigue material in OpenSees (Uriz, 2005) was employed in the brace model, and the parameters were 
calibrated according to empirical equations developed from testing of square HSS braces (Karamanci and 
Lignos, 2014). The fatigue material effectively accounts for low-cycle fatigue by accumulating strain and 
“removing” fibers in the cross section after comparing the recorded strain to a control parameter. The 
material “removes” fibers by assigning the value of zero stress to it when strain exceeds the threshold 
defined by the control parameter 
The gusset plate model used in the SCBF model was originally developed by Hsiao et al. (2012). A 
representation of the nonlinear rotational spring element model is shown in Figure 3.3. The rotational spring 
represents out-of-plane flexural behavior of the gusset plate at the end of the brace, but as described above, 
it is oriented for in-plane bending in the model. 
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Figure 3.3 Nonlinear rotational spring model schematic view and moment-rotation behavior (reproduced 
from Hsiao et al., 2011) 
 
The model uses the gusset plate moment and stiffness parameters to define a Steel 02 OpenSees material 
for the rotational spring. The gusset plate moment and stiffness is calculated based on the Whitmore width 
in the gusset plate, and those relationships are also shown in Figure 3.3. Recall that the design of the gusset 
plates in the SCBF employed the Balanced Design Procedure, which produces gusset plate dimensions 
based on the 8t elliptical yield region model. The formulation of gusset plate springs in the SCBF models 
represent that rotational behavior. In contrast, the Balanced Design Procedure did not apply to the low-
ductility braced frame gusset plate designs.  
The SCBF model differs from the low-ductility CBF models developed by Sizemore in that the brace-to-
gusset weld is not modeled to accommodate fracture. The welds are capacity designed to resist the expected 
brace strength, thus the limit state of weld fracture is not considered in the SCBF models. In the low-
ductility models, however, the welds were modeled with a translational spring that could be removed by 
the model when the capacity of the weld was exceeded during an analysis. Capacity design requirements 
also applied to the design of connections within the SCBF. The beam-to-column connections in the SCBFs 
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are modeled with zeroLength elements representing the strength of the shear connections. Since these 
elements are capacity designed, the limit state of connection failure is not considered in the SCBF models. 
3.2.4 Column Fixity and Continuity 
Consistent across all models, the base fixity of the gravity and braced bay columns were modeled as pinned 
and fixed, respectively. A variation introduced for the SCBFs is the modeling of the gravity columns as 
continuous across all stories or pinned at each story. The purpose for this modeling capability is to 
investigate the seismic stability of the SCBFs with and without the contribution of the gravity columns. In 
the case of collapse by a story mechanism, the continuous modeling of the gravity columns provides 
additional lateral resistance that is combined with that of the SCBF, potentially increasing the demand 
required for collapse. When the combined lateral resistance of the braced frame and the gravity frame are 
modeled, a reduction in differential story drift and total frame drift has been observed (Rai et al., 2003; 
Flores et al., 2016; Sen et al., 2016.) When the gravity columns are modeled as pinned at each story, the 
lateral load resisting behavior of the SCBF during collapse is effectively isolated. Including this modeling 
capability allows the determination of the lateral contribution of the gravity system in the collapse 
performance of the braced frame. This variation in gravity column continuity does not impact their main 
function of applying destabilizing gravity load to the lateral frame.  
3.2.5 Seismic Mass, Damping, Gravity Loading,  
The total seismic mass applied to the braced frame corresponded to the proportion of the prototype building 
modeled. For instance, the three-story frames had half of the total seismic mass applied, while the six and 
nine-story frames had a quarter. Seismic mass was placed as a point mass at the center node of the braced 
bay beams at each level.  
The system damping applied to the SCBF models is consistent with the damping applied to the low-ductility 
CBF models developed by Sizemore (2017). Rayleigh damping is a linear combination of the mass and 
stiffness damping of the structure. The mass damping was applied to the frame nodes where seismic mass 
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was placed. The stiffness damping was applied to the elastic beam-column elements in the model. The 
critical damping ratio of 2% recommended by PEER/ATC (2010) was applicable to all SCBF models. This 
damping ratio was applied in the first and third modes. 
The destabilizing effect of the gravity loading on the lateral frame and adjacent gravity bays is directly 
modeled. The recommended value of applied gravity load according to FEMA P695 for conducting 
nonlinear analyses is 1.0D +0.2L. Each column in the prototype building has a defined tributary gravity 
load which is placed on the planar frame model columns as a point load. The braced bay beams have 
distributed loads acting directly on the members. The frame models were loaded with the appropriate 
proportions of the prototype building gravity load based on the proportion building modeled.  
3.3 ANALYSIS PROTOCOL 
3.3.1 Overview 
The braced frame model was used to conduct two types of nonlinear analyses: nonlinear static, pushover, 
analyses, and nonlinear dynamic, time-history, analyses. This section will discuss the analysis protocols 
defined within OpenSees and the techniques employed to achieve analysis convergence. Table 3.2 is 
included at the end of this section and summarizes the pertinent OpenSees commands used to initiate these 
analyses and some of the values assigned to each of those the commands. 
Monotonic pushover analyses were conducted in OpenSees by specifying a maximum target drift for the 
frame and incrementing the displacement of the frame until that target is achieved. In OpenSees, a 
displacement controlled test was specified so that any decreases in strength can be captured throughout the 
displacement history. A lateral load profile proportional to the equivalent lateral force profile was applied 
to the braced frames. The top column node of the braced frame was initially specified as the control node 
around which the system of equations was formulated for each model at each displacement step. The 
analysis protocol allowed changing the pushover control node to lower stories throughout the test 
(Sizemore, 2017). Brace buckling in the models typically corresponded to drops in the pushover response 
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curve, which was challenging for the algorithms to obtain convergence. Changing the control node to the 
story where brace buckling was occurring allowed for a better formulation of the system of equations, and 
consequently, the algorithms obtained convergence more easily. A more detailed discussion of the 
usefulness of pushover analyses and the information about a structural system that can be obtained from 
them is included in Chapter 4. 
Time history analyses were conducted by applying the Newmark time-step integrator and defining a time 
history for each ground motion. Ground motions were simulated using acceleration data with a time step 
equal to 0.005 seconds. The ground motion data (Hines et al., 2009; Hines et al., 2011) was scaled such that 
scale factor of unity corresponded to the maximum considered earthquake (MCE). These analyses were 
conducted according to an incremental dynamic analysis (IDA) procedure which involved scaling the set 
of ground motions in increments of 0.2 until the scale factor produced collapse in the model. A more 
detailed discussion of the ground motion set used and the response indicators that were used to predict 
collapse is included in 0.  
Below is a reference table that details some of the essential commands used to perform the nonlinear 
analyses in OpenSees. 
Table 3.2 OpenSees Analysis Commands 
Commands Description 
system Creates the linear system of equations and the linear solver. UmkPack used.  
test Defines the convergence test. NormDispIncr and EnergyIncr used.  
tol Tolerance criteria used for convergence. Varied from 1e-6 to 1e-3. 
iter Number of iterations to attempt.  
algorithm Define solution algorithm. Applied many algorithms to achieve convergence. 
Newton and Krylov-Newton were most consistent at succeeding. 
integrator Depends on analysis. Displacement Control for Static, and Newmark for Dynamic. 
  
analysis Set analysis type. Static and Transient used. 
eigen Used to perform an eigenvalue analysis. 
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3.3.2 Factors Affecting Convergence 
Throughout this chapter, there have been several mentions of the importance of obtaining convergence, 
some of the decisions made which influence the likeliness of convergence, and some of the persistent 
challenges in achieving convergence. SCBFs are designed to exhibit large inelastic deformation capacities; 
therefore, the numerical model has the challenge of accurately converging during inelastic behavior for a 
large range of model deformations 
The onset of brace buckling in any story was typically a point in the analysis that OpenSees required trial 
of numerous algorithms to converge to the force-displacement history that exhibited “jumps” down to lower 
force levels. This convergence issue was resolved by changing the control node location to the story 
exhibiting brace buckling to obtain a more easily solved system of equations. Additionally, the analysis 
framework was defined to try many difference algorithms when convergence was not obtained using the 
default Newton algorithm. The Krylov-Newton algorithm was particularly effective in obtaining 
convergence across the difference nonlinear analyses. The number of iterations was increased for 
algorithms which performed well, and as a last effort, the tolerance required for convergence was decreased 
within the range defined in Table 3.2.  
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CHAPTER 4. NONLINEAR STATIC ANALYSES 
4.1 INTRODUCTION 
Nonlinear static analyses, also termed pushover analyses, are useful in determining the response of a 
structure to lateral demands. Pushover analyses are conducted with the CBF models to assess the seismic 
stability of the structures. The effect of gravity loading is included in the models to ascertain the influence 
of destabilizing P-Δ effects on the systems. The response of the structure is graphically shown in a pushover 
curve, which plots the base shear response as a function of roof drift. In addition to the curve, a set of 
response variable are identified for each frame. These response variables include values of base shear, roof 
drift, overstrength, ductility, and stiffness to enable comparisons among the responses of various frames. 
Descriptions of the response variables are provided in Table 1.1.  
Table 4.1 Descriptions of pushover response variables 
Variable Description 
Elastic base shear (Vb,elastic) Base shear at the end of the elastic region. 
Roof drift at Vb,elastic Roof drift (%) at the end of the elastic region.  
Maximum base shear (Vb,max) Maximum base shear capacity of the system.  
Roof drift at Vb,max Roof drift (%) at the maximum base shear. 
Overstrength (Ω) Overstrength is calculated as the ratio of maximum base shear 
to design base shear. 
Ultimate displacement (δu) FEMA P695 defines ultimate displacement as the displacement 
corresponding to 80% of the maximum base shear. 
Base shear at δu 80% of the maximum base shear. 
Roof drift at δu Roof drift (%) at 80% of the maximum base shear. 
Effective yield roof 
displacement (δy,eff) 
Calculated with Equation 6-7 from FEMA P695. 
Period based ductility (μT) The ratio between ultimate displacement and effective yield 
displacement. 
Collapse drift (δc) The final drift at which the model converged. 
Initial stiffness (K1) The elastic stiffness of the frame. 
Secondary stiffnesses (K2, 3, 4) Secondary secant stiffnesses are calculated as for three regions 
of the response beyond the elastic region. 
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Figure 4.1 SCBF-SX3 Pushover curve showing generic response variables illustrates an example of a 
pushover curve with the graphical representation of many of the response variables identified for each 
SCBF frame.  
 
Figure 4.1 SCBF-SX3 Pushover curve showing generic response variables 
The response variables defined by base shear and roof drift values can be easily obtained as coordinates 
from the pushover curves. The overstrength variable compares the observed system strength to the design 
strength. The stiffness of the system changes throughout the pushover response, beginning with an elastic 
region followed by secondary stiffnesses that eventually become negative and drive the collapse of the 
frame. For the pushover analyses, it is useful to quantify secondary stiffness to evaluate the seismic stability 
of the systems. However, the nonlinearity of the pushover curve beyond the elastic region makes defining 
secondary stiffness challenging. For this reason, three post-elastic regions are defined over which the secant 
stiffness is measured: (1) elastic limit to Vb,max, (2) Vb,max to 0.8Vb,max, and (3) 0.8Vb,max to collapse (i.e., 
when the pushover curve reaches zero base shear). These three quantities are all secondary stiffnesses that 
characterize the system’s response. To make comparisons across the frames variations, the ratio of these 
secondary stiffness to the elastic stiffness of the system is computed. The period based ductility was 
calculated per FEMA P695 as the ratio of the ultimate displacement to the effective yield roof displacement. 
The fundamental period of each braced frame was computed by an eigenvalue analysis in OpenSees before 
the application of gravity load on the models.  
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4.2 SCBF PUSHOVER RESPONSE 
Now that the pushover curve and the response variables have been introduced, the pushover curves from 
the set of 12 SCBF models are presented in Figure 4.2. This set considers variations in brace configuration, 
number of stories, and continuity of the gravity columns. The response variables for each frame are 
tabulated in Table 4.2, Table 4.3, and Table 4.4. A discussion of the general observations from the 
pushovers follows. 
SCBF–SX–3      SCBF–CH–3 
 
 
SCBF–SX–6      SCBF–CH–6 
 
 
SCBF–SX–9      SCBF–CH–9 
 
Figure 4.2 Pushover curves for SCBF frames. CONT: continuous, and PIN: pinned gravity columns. 
 
Roof Drift (%) Roof Drift (%) 
Roof Drift (%) Roof Drift (%) 
Roof Drift (%) Roof Drift (%) 
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Table 4.2 Pushover response variables: base shear and roof drift 
Frame ID 
Vb,elastic Vb,max δu (0.8Vb,max) Collapse 
Base 
Shear 
(k) 
Roof 
Drift 
(%) 
Base 
Shear 
(k) 
Roof 
Drift 
(%) 
Base 
Shear 
(k) 
Roof 
Drift 
(%) 
Roof 
Drift 
(%) 
SCBF-SX-3-CONT 460.6 0.19 568.0 1.2 454.4 4.9 8.0 
SCBF-SX-3-PIN 460.6 0.19 559.9 0.3 447.9 2.8 6.1 
SCBF-CH-3-CONT 511.2 0.19 586.4 0.7 469.1 4.7 8.5 
SCBF-CH-3-PIN 511.2 0.19 567.0 0.5 453.6 3.4 8.4 
SCBF-SX-6-CONT 260.5 0.24 346.3 1.0 277.0 5.4 10.0 
SCBF-SX-6-PIN 260.5 0.24 339.9 1.0 271.9 3.8 9.1 
SCBF-CH-6-CONT 268.0 0.15 390.8 1.1 312.6 2.8 9.9 
SCBF-CH-6-PIN 268.0 0.15 374.4 0.9 299.5 2.7 7.1 
SCBF-SX-9-CONT 403.2 0.47 448.4 0.6 358.7 2.1 6.0 
SCBF-SX-9-PIN 403.2 0.47 441.4 0.6 353.1 1.6 4.2 
SCBF-CH-9-CONT 180.4 0.16 358.8 0.7 287.0 1.5 3.0 
SCBF-CH-9-PIN 180.4 0.16 345.8 0.7 276.6 1.5 2.8 
 
 
Table 4.3 Pushover response variables: stiffness 
Frame ID 
K1 K2/K1 K3/K1 K4/K1 
(k/in) δ1 (%) Ratio δ2 (%) Ratio δ3 (%) Ratio δ4 (%) 
SCBF-SX-3-CONT 453.7 0.2 4.2 1.1 -1.3 3.7 -6.0 3.1 
SCBF-SX-3-PIN 453.7 0.2 26.7 0.2 -1.8 2.5 -5.6 3.3 
SCBF-CH-3-CONT 506.2 0.2 5.7 0.5 -1.1 4.0 -4.5 3.8 
SCBF-CH-3-PIN 506.2 0.2 6.1 0.3 -1.4 2.9 -3.3 5.0 
SCBF-SX-6-CONT 98.9 0.2 11.2 0.7 -1.5 4.4 -5.6 4.6 
SCBF-SX-6-PIN 98.9 0.2 9.4 0.8 -2.3 2.8 -4.8 5.3 
SCBF-CH-6-CONT 170.2 0.1 7.3 0.9 -2.4 1.8 -2.4 7.1 
SCBF-CH-6-PIN 170.2 0.1 7.9 0.7 -2.3 1.8 -3.7 4.4 
SCBF-SX-9-CONT 52.8 0.5 33.2 0.2 -7.4 1.4 -10.6 4.0 
SCBF-SX-9-PIN 52.8 0.5 34.0 0.1 -9.9 1.0 -16.0 2.6 
SCBF-CH-9-CONT 70.0 0.2 31.4 0.5 -7.3 0.9 -17.0 1.5 
SCBF-CH-9-PIN 70.0 0.2 25.9 0.6 -7.5 0.8 -19.8 1.2 
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Table 4.4 Pushover response variables: overstrength and ductility 
Frame ID T1 Vb (k) Vb,max (k) Ω δu (%) δy,eff (%) μT 
SCBF-SX-3-CONT 0.67 123 568.0 4.6 4.92 1.22 4.02 
SCBF-SX-3-PIN 0.67 123 559.9 4.6 2.82 1.21 2.34 
SCBF-CH-3-CONT 0.63 123 586.4 4.8 4.69 1.12 4.20 
SCBF-CH-3-PIN 0.63 123 567.0 4.6 3.41 1.08 3.16 
SCBF-SX-6-CONT 0.97 69 346.3 5.0 5.37 0.72 7.50 
SCBF-SX-6-PIN 0.97 69 339.9 4.9 3.79 0.70 5.40 
SCBF-CH-6-CONT 1.08 69 390.8 5.7 2.82 1.00 2.82 
SCBF-CH-6-PIN 1.08 69 374.4 5.4 2.69 0.96 2.80 
SCBF-SX-9-CONT 1.56 79 448.4 5.7 2.05 1.55 1.32 
SCBF-SX-9-PIN 1.56 79 441.4 5.6 1.64 1.53 1.07 
SCBF-CH-9-CONT 1.75 79 358.8 4.5 1.53 1.56 0.98 
SCBF-CH-9-PIN 1.75 79 345.8 4.4 1.54 1.51 1.02 
 
4.2.1 General Observations 
The SCBF pushover responses exhibit an initial elastic response that is followed by softening of the 
structure and strength loss until collapse. The strength degradation is characteristic of the action of gravity 
loads moving through the lateral displacements of the structure which generates a destabilizing overturning 
moment. The relationship between base shear and roof drift is condensed into the set of response variables 
shown in Table 4.2 for comparison across the frame variations. The base shear and roof drift at the end of 
the elastic region were the same for the pinned and continuous gravity column model variations. The Vb,max 
was reduced by an average of 3% when the gravity columns were pinned. This indicates minimal 
contribution from the gravity column strength to the overall maximum base shear capacity. The roof drift 
at Vb,max also exhibited minimal change between the pinned and the continuous gravity column models, but 
the change in drift for the shorter frames was more pronounced. Modeling the gravity columns as pinned 
generally did not change base shear capacity for the systems, but it had the effect of reducing the drift 
capacity for frames.  
The elastic stiffness and the secondary stiffness ratios are tabulated in Table 4.3. The elastic stiffness was 
the same between pinned and continuous gravity column variations for a given SCBF design. The CH 
braced frames exhibited higher elastic stiffnesses than their comparable SX braced frames. The observation 
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of higher stiffness in CH frames was expected since the design process required the CH beams to have 
additional strength and stiffness to resist the unbalanced force requirement. The taller systems exhibited 
lower elastic stiffnesses than the shorter systems as expected.  
Although the chevron braced frames had the higher initial stiffness, this did not always translate to the 
chevron braced frames achieving a higher base shear capacity. For example, the CH9 braced frame 
exhibited a lower base shear than the SX9. When inelasticity occurs in a story of a CH frame, the response 
is characterized by both the compression brace buckling and the tension brace yielding in the story. In 
general, the SX configuration does not achieve both compression buckling and tension yielding in all of the 
stories that exhibit inelasticity. The response of the braces in a SX configuration are dependent on the 
actions of the braces connected across the X. For example, if the braces in the lower story of the split-x 
concentrate inelastic demands first, a reduction in the inelastic response of the braces above the split-x was 
observed in the SCBF-SX analyses. Further discussion of the influence of brace configuration on the system 
behavior is continued in Section 4.3.2. 
The secondary stiffness ratios, K2/K1, K3/K1, and K4/K1, enable direct comparison of the post-elastic 
response across all of the systems. Any variability in initial elastic stiffness between the models is taken 
out of the comparison by normalizing to the elastic stiffness of each system. K2/K1 describes the increase 
in system strength between the end of the elastic region and the point of maximum base shear. The range 
of drift over which this region acts is an important quantity to consider alongside the K2/K1 ratio. A high 
ratio alone does not indicate preferred frame response, but the combination of a larger drift range, δ2, and a 
moderate K2/K1 ratio was generally seen for frames that maintained base shear capacity at large drift 
demands. For instance, the SX-3-PIN frame had K2/K1=26.7% over δ2=0.2 and the SX-3-CONT frame had 
K2/K1=4.2% over δ2=1.1. The SX-3-CONT reached a higher maximum base shear at a larger roof drift, and 
ultimately had a larger drift capacity at collapse than the SX-3-PIN. 
K3/K1 describes the progression of system strength from Vb,max to 0.8Vb,max, which is considered by FEMA 
P695 as the ultimate roof displacement for the system. This secondary stiffness ratio was negative for all 
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frames. This indicated that the effect of P-Δ drives the system response past the point of Vb,max. As the frame 
height increases, the K3/K1 ratio becomes increasingly negative. The magnitudes of the ratio are 
approximately equal between the pinned and continuous gravity column models, with a slightly steeper 
negative stiffness for the pinned column models. The variation in system configuration does not have an 
appreciable effect on the value of the K3/K1 ratio, indicating this parameter may be more influenced by 
system height and the prominence of the P-Δ effect. 
The final secondary stiffness parameter, K4/K1, describes the destabilizing stiffness of the frame until 
collapse is reached. Although this region of behavior is beyond the reliable system behavior defined by 
FEMA P695, this region is considered in these analyses because it provides a comprehensive overview of 
static collapse performance of the frames. There is not a clear trend for this parameter with the variations 
in gravity column continuity or brace configuration; however, the 9 story frames exhibited the steepest final 
stiffnesses relative to the elastic stiffness. This observation is consistent with the increased effect of P-Δ on 
taller frames.  
The frame overstrength quantities, Ω, which were shown in Table 4.4, are significantly larger than the 
overstrength factor, Ω0 = 2, specified by ASCE 7. The large overstrength of the SCBF models can be 
explained by the confluence of inherent overstrength in the design process, the frame action exhibited in 
the pushovers, and the modeling techniques representing more realistic frame conditions compared to 
design assumptions (e.g. shorter effective length for braces). The overstrength factor was not explicitly used 
in the design of the SCBFs since the additional analyses required in section F2.3 of AISC 341 exceeded the 
demands calculated by the load combinations including amplified seismic load effect. A portion of the 
observed structural overstrength can be attributed to the nature of the capacity design procedure for SCBF 
structures. The braces were designed considering the workpoint-to-workpoint length. If the actual end-to-
end length of the braces was used in determine available capacity, the members would have been smaller 
and the capacity design demands would have been reduced. This design decision introduced a significant 
source of system overstrength. The braces of SCBFs also must satisfy b/t limits for high-ductility members. 
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This makes braces with large b/t unavailable in design, and often, the brace size had to be increased beyond 
the strength requirement to satisfy b/t limits. Additional overstrength was introduced by the use of ϕ factors 
in LRFD design and the modeling of material overstrength with Ry. The braced frame response also includes 
frame action, where the flexural column strength adds to the story shear strength provided by the braces. 
This column strength was not considered in design, so it has a contribution to the overstrength observed in 
the nonlinear analysis. 
The high overstrength of SCBF systems has also been observed in prior research. Kim et al. (2005) 
investigated the overstrength of SCBF systems and found that the overstrength increased for systems with 
longer span lengths and fewer numbers of stories. The overstrength for all frames below 21 stories studied 
by Kim et al. exceeded the code specified value of 2. Typical overstrength values ranging from 2.49-4.67 
were observed for frames with 33 ft [10 m] spans. The findings from Kim et al. substantiate the presence 
of overstrength in the SCBF models studied in this thesis; however, the values determined from the frame 
responses shown above even exceed the range identified in the prior research. 
The period based ductility varied across the SCBF three story heights considered. The 9 story frames 
consistently exhibited the least ductility. Both the ultimate displacement and final collapse displacement 
were smaller for the 9 story frames compared to the 3 and 6 story frames of the same brace configuration. 
The reduced ductility capacity for the taller frames was the result of the tall frames being more susceptible 
to the P-Δ effects. This is also visible in the steeper negative stiffness region in the 9 story plots compared 
to the other frames. The trend that the ductility of the systems improves as the number of stories decreases 
holds for all frames except the SX6. The SX6 frame had the largest period based ductility of the set. For 
the taller frames, the SX configuration outperformed the CH in ductility capacity. The SX configuration 
has the advantage of distributing loads across two stories since four braces meet at a beam level. In SX 
braced frames of odd numbered stories, the top story is a chevron configuration. Of the set of 6 SCBF 
designs, the SX6 is the only frame which does not have a single chevron level at the top of the frame. The 
superior performance of the SX6 can be explained by the balanced distribution of loads across all stories 
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because it benefits both from the load sharing across levels with SX braces and it avoids the concentrated 
story inelasticity that occurs in CH braced frames. 
For each pushover analysis, additional element force and deformation (or moment and rotation) quantities 
were recorded at each displacement increment to capture the complete response of the system. A post 
processing script was developed in MATLAB to streamline the generation of plots for elements to further 
investigate the behavior of the systems and their components. Appendix B includes all response plots 
generated from the pushover analyses for the complete set of braced frames investigated in this study. The 
additional plots include: pushover curves with contributions from gravity and braced bays separated, brace 
axial force versus deformation, beam flexural demand to capacity versus roof drift, story shear versus story 
drift, and column flexural demand to capacity versus story drift. Some representative examples of these 
plots and the insights gained from them are included in this chapter, and the detailed plots can be referenced 
in the Appendix.  
4.3 DETAILED PUSHOVER REPSONSES 
The system behavior of SCBFs is characterized by three distinct regions: (1) an initial elastic stiffness 
region which reaches a base shear level exceeding the design base shear, (2) a secondary stiffness region 
that brings the frame response to its maximum base shear capacity, and (3) a negative stiffness region where 
the frame exhibits response until P-Δ completely destabilizes the structure and causes collapse. For SCBF 
systems, the deviation from elastic typically occurs with the onset of brace buckling in a story. The story 
which experiences inelasticity first depends on the frames sensitivity to the applied lateral load profile. For 
the three-story frames, the first story is often the initial one to experience brace buckling, but in the taller 
frames, stories above the first can initiate buckling for the first time in the response. The maximum base 
shear of each frame is marked by the onset of additional brace inelasticity, which can include buckling and 
yielding. The secondary stiffness varies throughout the response and approaches a final maximum negative 
stiffness. This negative stiffness is of particular concern because it causes dynamic instability in the frames.  
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The detailed response of the SCBF-SX-3 with continuous gravity columns is presented in Figure 4.3. This 
figure will be referenced as a representative example of the system behavior. Additional comparisons are 
made to this frame throughout this section, including the effects of gravity column continuity, brace 
configuration, and the number of stories on the system response.  
 
 
 
Figure 4.3 SCBF-SX-3-CONT Annotated pushover curve and brace behavior plots 
  
Ordered Limit State Key: 
□  Story 1 onset of brace buckling 
○ Story 2 tensile brace yielding 
○ Story 2 compression brace elastic unloading 
∆ Story 3 onset of brace buckling 
□ Story 1 tensile brace yielding 
∆ Story 3 tensile brace elastic unloading 
○ Story 2 tensile brace maximum yielding 
□  Story 1 tensile brace maximum yielding 
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The SCBF-SX-3 system behavior deviated from the elastic region with the onset of first story brace 
buckling. The maximum base shear reached by the system was marked by the onset of brace buckling in 
the third story, which was the only chevron level. This limit state marks the beginning of the negative 
stiffness region of the pushover response. The degree of negative stiffness was modest at the beginning, but 
it became more negative as additional limit states occurred in the frame, namely tensile yielding.  In this 
frame and all three-story frames investigated, the first story ultimately developed a story mechanism and 
caused the collapse of the frames. The first story experienced concentrated demands since the distribution 
of strength in the system was not exactly proportional to the design load profile. There are nuances within 
the SCBF design procedure that distribute strength differently than the design load profile and create a 
weakest story. For instance, satisfying moderate and high ductility member cross-section criteria can require 
increasing section size and capacity beyond what is required by the design load profile. Additionally, the 
capacity design procedure redistributes the expected brace forces into the system for the design of 
connections, beams, and columns. The capacity design forces generally do not remain exactly proportional 
to the original design loads.  
As discussed previously, the SCBF pushover curves indicate considerable ductility capacity despite having 
a large region of negative stiffness. A limitation of the pushover analyses conducted in this work is that the 
braces, which provide a main source of ductility capacity to the frames, are modeled as infinitely ductile. 
Since the braces will inherently not be subjected to cyclic loading in a monotonic pushover, the fatigue 
material, which accumulates cyclic damage and models brace fracture, was removed. This had the effect of 
converging to a pushover curve at large drifts that is unrealistic. The occurrence of brace fracture would 
significantly change the overall pushover response and the demands on the braced frame components. To 
provide context to the detailed pushover response plots, the total ductility capacity at fracture, μf, is 
computed for each brace per Tremblay (2002) and compared to the ductility demand, μt, that was simulated 
in the pushover. If the simulated ductility of the tensile braces exceeds the ductility capacity at fracture, 
brace fracture is anticipated under cyclic loading. These quantities are organized in Table 4.5. 
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Table 4.5 Comparison of brace ductility at fracture and simulated ductility for the SCBF-SX-3-CONT 
   HSS Brace KL/r[a] λ[b] μf[b] μt[c] 
Fracture under 
cyclic loading? 
Story 3 4x4x1/2 122 1.61 15.6 1.0 No 
Story 2 5-1/2x5-1/2x3/8 79 1.04 10.9 22.7 Yes 
Story 1 6x6x3/8 74 0.98 10.5 13.8 Yes 
[a]: actual brace length used in KL/r; [b] λ and μf calculated per Tremblay (2002); [c] the ductility 
demand calculated for the tensile brace in each story. 
The table above indicates that the story 1 and story 2 tensile braces would have fractured before the end of 
the pushover response. The following observation is made in acknowledgment that the collapse observed 
in these pushover analyses does not capture the limit state of brace fracture. The frame resisted positive 
base shear and was numerically stable up to 8.1% roof drift where the model reached a point of zero base 
shear capacity.  
In the SX configuration, all stories exhibited inelasticity; however, brace buckling did not occur in level 
two. The buckling and yielding in level one dominated the response of the first two stories. The beam 
exhibited yielding in response to the brace forces developed in level one. Since the capacity design 
procedure assumed the occurrence of buckling and yielding in all stories simultaneously, the beam above 
story one was designed for an unbalanced force demand only equal to the difference in brace forces across 
the level. This design condition did not account for the sequenced occurrence of buckling and yielding, and 
the beam at the brace intersection experienced considerable flexural demands. 
4.3.1 Influence of gravity column continuity 
The SCBF-SX-3 braced frame with pinned gravity columns is presented in Figure 4.4 to contrast the 
previously discussed response and investigate the influence of gravity column continuity.  Table 4.6 
presents the brace ductility demands from the pushover analysis and determines the braces which would 
have fractured prior to the end of the pushover. 
For the SCBF-SX-3 frame, the change in gravity column continuity had the effect of causing limit states to 
occur earlier in the drift history. The same characteristic limit states occurred in the frame response. This 
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indicated that the gravity column continuity, specifically any lateral contribution gravity columns provide 
to the system, does not change the onset of inelastic behavior. The initial occurrence of limit states in the 
first story remained consistent between the continuous and the pinned gravity column models. Therefore, 
the progression of inelasticity throughout the frame was not influenced by the modeling of the gravity 
columns. Thus, the observed inelasticity of the frame is characteristic for the system and depends both on 
the distribution of strength among the braces of different levels and the applied load profile. 
 
 
Figure 4.4 SCBF-SX-3-PIN Annotated pushover curve and brace behavior plots 
 
Ordered Limit State Key: 
□  Story 1 onset of brace buckling 
○ Story 2 tensile brace yielding 
□  Story 1 tensile brace yielding 
∆ Story 3 onset of brace buckling 
∆ Story 3 tensile brace unloading 
○ Story 2 tensile brace unloading 
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Table 4.6 Comparison of brace ductility at fracture and simulated ductility for the SCBF-SX-3-PIN 
   HSS Brace KL/r[a] λ[b] μf[b] μt[c] 
Fracture under 
cyclic loading? 
Story 3 4x4x1/2 122 1.61 15.6 1.0 No 
Story 2 5-1/2x5-1/2x3/8 79 1.04 10.9 11.7 Yes 
Story 1 6x6x3/8 74 0.98 10.5 59.7 Yes 
[a]: exact KL/r for the braces; [b] λ and μf calculated per Tremblay (2002); [c] the ductility demand 
calculated for the tensile brace in each story. 
 
The maximum base shear resisted by both the pinned and continuous gravity column frames were within 
10 kips of each other (1.7% of the total system strength). Thus, the gravity columns are not engaged in 
providing a significant additional lateral resistance to the system at the onset of frame inelastic response. 
The progression of the same limit states between the two models further explains why the ultimate load 
level was approximately the same.  
The gravity column continuity did have a significant effect on the secondary stiffness of the system. When 
the gravity columns were modeled as pinned at each level, the destabilizing P-∆ effect applied to the frame 
was greater. This is shown in the pushover curve as a steeper K3 negative stiffness region. The K4 negative 
stiffnesses were approximately the same leading to collapse. The continuous gravity columns had 
completely yielded in the story developing the collapse mechanism by this point in the pushover response, 
and their contribution to the system was like the contribution of pinned gravity columns. However, the loss 
in strength which occurred over the K3 region resulted in a 2% reduction in the collapse drift (6% roof drift 
at collapse). 
4.3.2 Influence of brace configuration 
The detailed plots for the SCBF-CH-3-CONT and SCBF-CH-3-PIN are included in Figure 4.5 and Figure 
4.6, respectively, to illustrate how the chevron and split-x configurations contribute to differences in system 
response. The brace ductility demands are compared to the limits for brace fracture in Table 4.7 and Table 
4.8 for the SCBF-CH-3-CONT and SCBF-CH-3-PIN, respectively. 
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Figure 4.5 SCBF-CH-3-CONT Annotated pushover curve and brace behavior plots 
 
Table 4.7 Comparison of brace ductility at fracture and simulated ductility for the SCBF-CH-3-CONT 
   HSS Brace KL/r[a] λ[b] μf[b] μt[c] 
Fracture under 
cyclic loading? 
Story 3 4x4x1/2 118 1.56 15.2 1.0 No 
Story 2 5-1/2x5-1/2x3/8 79 1.05 11.0 14.6 Yes 
Story 1 6x6x3/8 77 1.02 10.8 25.3 Yes 
[a]: exact KL/r for the braces; [b] λ and μf calculated per Tremblay (2002); [c] the ductility demand 
calculated for the tensile brace in each story. 
 
Ordered Limit State Key: 
○ Story 2 onset of brace buckling 
□  Story 1 onset of brace buckling 
□  Story 1 tensile brace yielding 
○ Story 2 tensile brace yielding 
∆ Story 3 onset of brace buckling 
∆ Story 3 tensile brace unloading 
○ Story 2 tensile brace unloading 
□  Story 1 tensile brace maximum yielding 
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Figure 4.6 SCBF-CH-3-PIN Annotated pushover curve and brace behavior plots 
 
Table 4.8 Comparison of brace ductility at fracture and simulated ductility for the SCBF-CH-3-PIN 
   HSS Brace KL/r[a] λ[b] μf[b] μt[c] 
Fracture under 
cyclic loading? 
Story 3 4x4x1/2 118 1.56 15.2 1.0 No 
Story 2 5-1/2x5-1/2x3/8 79 1.05 11.0 24.2 Yes 
Story 1 6x6x3/8 77 1.02 10.8 28.9 Yes 
[a]: exact KL/r for the braces; [b] λ and μf calculated per Tremblay (2002); [c] the ductility demand 
calculated for the tensile brace in each story. 
 
Ordered Limit State Key: 
○ Story 2 onset of brace buckling 
□  Story 1 onset of brace buckling 
□  Story 1 tensile brace yielding 
○ Story 2 tensile brace yielding 
∆ Story 3 onset of brace buckling 
∆ Story 3 tensile brace unloading 
○ Story 2 tensile brace unloading 
□  Story 1 tensile brace maximum yielding 
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The three-story chevron and split-x configurations resist similar levels of base shear. The chevron frames 
developed compression buckling in all levels, whereas the split-x did not experience buckling in level 2 for 
reasons previously discussed. The transition between the elastic region and the secondary stiffness region 
for the chevron frames exhibits multiple small sharp drops in force. This corresponds to limit states 
occurring in multiple level simultaneously near the same elastic roof drift level. For the CH3, this included 
first story brace buckling and first and second story tensile brace yielding. 
The chevron configurations also exhibit a negative stiffness region until the frame reaches collapse. 
Comparing the CH3 and SX3 responses from Figure 4.2, the roof drift at collapse for the chevron frame is 
less affected by the gravity column continuity change than the split-x frame was. This suggests that gravity 
column continuity provides a greater benefit to the collapse drift capacity of braced frames in split-x 
configurations. All pushover curves in Figure 4.2 support this finding. 
4.3.3 Influence of frame height 
The chevron six and nine-story pushovers are included in Figure 4.7 and Figure 4.8 to investigate the 
influence of frame height on the SCBF response. In general, the taller frames had less ductility capacity 
than the shorter frames. Taller frames correlated to steeper K3 negative stiffness regions. This had the effect 
of destabilizing the frame at lower levels of roof drift. The CH6 and the CH 9 collapsed at 9.9% and 3.0% 
roof drifts respectively. The large reduction in frame ductility as the number of stories increases can be 
explained by the worsening of the P-∆ effect for taller structures. 
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Figure 4.7 SCBF-CH-6-CONT Annotated pushover curve and brace behavior plots 
 
 
Figure 4.8 SCBF-CH-9-CONT Annotated pushover curve and brace behavior plots 
Despite the presence of multiple stories over which the inelasticity could redistribute, the lowest three 
stories were critical in the response of the SCBFs. The CH3 frame concentrated inelasticity into the first 
story, and the CH6 and CH9 frames concentrated inelasticity to the second story. The distributions of 
inelasticity for each CH frame are shown in Figure 4.9 (a), (b) and (c) as story drift profiles over the height 
taken at the point of maximum base shear. 
Ordered Inelasticity 
Indicators 
○ Story 2 
∆ Story 3 
□  Story 1 
* Story 4 
x Story 6 
+ Story 5 
 
Ordered Inelasticity 
Indicators 
○ Story 2 
∆ Story 3 
□  Story 1 
* Story 4 
+ Story 5 
x Story 6 
◄ Story 8 
◊  Story 7 
⌂ Story 9 
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(a)          (b)                           (c) 
Figure 4.9 Story drift profiles at Vb,max for SCBF-CONT (a) CH3 (b) CH6 (c) CH9; 
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4.4 Comparison between Low Ductility and High Ductility SCBFs 
Another objective in conducting pushover analyses was to compare the behavior of SCBFs with the 
behavior of OCBFs and R=3 CBFs, two low ductility braced frames. The pushover responses from all 18 
frame designs are plotted in  
Figure 4.10, with the design base shear for each system identified by the dashed lines in the figure. 
 
 
 
Figure 4.10 Comparison of SCBF, OCBF, & R=3 Pushover Responses (Design base shear shown 
dashed). 
 
Roof Drift (%) 
Roof Drift (%) 
Roof Drift (%) Roof Drift (%) 
Roof Drift (%) 
Roof Drift (%) 
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The response of the low-ductility braced frames has a difference characteristic shape than the high-ductility 
SCBFs. The low-ductility frames experience a brittle limit state, such as brace-to-gusset weld fracture, that 
causes the force level to drop. The response following the sharp drop in force generally has positive stiffness 
until it reaches a secondary system strength, or reserve capacity. This characteristic shape is schematically 
shown in Figure 4.11. 
 
Figure 4.11 Schematic elastic stiffness, secondary stiffness (HD) and post-elastic stiffnesses (LD) for 
comparisons of low ductility (LD) and high ductility (HD) pushover response. 
In general, the design base shear is not a consistent indicator of initial elastic strength or secondary strength 
developed in the systems. The low-ductility response is dependent on a secondary lateral resistance that has 
not been expressly chosen in design. Thus, the post-elastic nonlinear frame response depends on the 
system’s ability to engage remaining frame members in the lateral resistance. There are multiple 
contributions to overstrength of the SCBFs, as previously discussed, and these additionally cause the base 
shear capacity to exceed the design base shear. For these reasons, design base shear was not used to assess 
the frame performance or compare the low-ductility and high-ductility CBF responses. The post-elastic 
stiffnesses of the low ductility frames are computed as shown in the above figure. This quantity represents 
the secant stiffness at which the low-ductility systems develop their reserve strength. The most comparable 
response variable for the SCBF frame is the K2 secondary stiffness shown in the above figure, which 
describes the increase in system strength beyond the elastic region. Both the low-ductility CBF post-elastic 
K1 
K1 K2 (LD) 
K2 (HD) 
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stiffnesses and the SCBF secondary stiffness are used to compute a relative stiffness variable, K2/K1. These 
values are tabulated for the R=3 CBFs, OCBFs, and SCBFs in Table 4.9, Table 4.10, and Table 4.11, 
respectively. 
Table 4.9 R=3 CBF elastic stiffness and post-yield stiffness ratio 
Frame ID K1 K2/K1 (%) 
R=3-SX-3 427.8 4.2 
R=3-CH-3 437.9 6.3 
R=3-SX-6 134.0 38.2 
R=3-CH-6 154.6 5.3 
R=3-SX-9 76.1 14.1 
R=3-CH-9 86.0 17.2 
 
Table 4.10 OCBF elastic stiffness and post-yield stiffness ratio 
Frame ID K1 K2/K1 (%) 
OCBF-SX-3 525.2 0.6 
OCBF-CH-3 765.1 2.0 
OCBF-SX-6 133.7 6.2 
OCBF-CH-6 249.2 8.7 
OCBF-SX-9 82.8 9.2 
OCBF-CH-9 125.0 18.1 
 
Table 4.11 SCBF elastic stiffness and post-yield stiffness ratio 
Frame ID K1 K2/K1 (%) 
SCBF-SX-3 453.7 4.2 
SCBF-CH-3 506.2 5.7 
SCBF-SX-6 98.9 11.2 
SCBF-CH-6 170.2 7.3 
SCBF-SX-9 52.8 33.2 
SCBF-CH-9 70.0 31.4 
 
In comparing the systems, there is an apparent similarity among the elastic stiffnesses of all frames for a 
given story height. The R=3 CBFs and the SCBFs show the closest elastic stiffnesses, and the OCBF 
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consistently has a higher elastic stiffness than the SCBF. The K2/K1 terms for the low-ductility CBFs at 
times exceed the SCBF (e.g. R=3 SX-6 and OCBF-CH-6). Although these terms differ in meaning between 
the low and high-ductility CBFs, this observation indicates that there is a significant post-elastic response. 
There are numerous contributors to the secondary response of these low-ductility systems. In this section, 
the discussion will focus on the contribution of the gravity system and the flexural behavior of the beams. 
4.4.1 Comparison of decomposed pushover responses  
The contribution of the braced bay and the gravity bays in a system can be decomposed to determine the 
influence of each sub-system on the response of the total system. When the gravity column base shear was 
isolated from the braced bay base shear for the low-ductility frames, a positive stiffness region was observed 
for R=3 CH and SX, and OCBF SX. This differs from the typical contribution of the gravity columns, which 
is to transmit the P-Δ effects as a negative linear slope to the base shear. The decomposed R=3, OCBF, and 
SCBF pushovers are shown in Figure 4.12, Figure 4.13, and Figure 4.14. The legend entries represent the 
base shear, Vb, the braced bay contribution to the base shear, Vb,bb, and the gravity column contribution to 
the base shear, Vb,gc. 
 
   (a)                (b) 
Figure 4.12 Decomposed Pushover curves for R=3 CBF:(a) CH3, (b) SX3 
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(a)                (b) 
Figure 4.13 Decomposed Pushover curves for OCBF:(a) CH3, (b) SX3 
 
(a)                (b) 
Figure 4.14 Decomposed Pushover curves for SCBF:(a) CH3, (b) SX3 
 
For all frames in the above figures, the gravity system is modeled as continuous along the height. Modeling 
the gravity columns as continuous allowed the lateral demands to transfer to the gravity columns when the 
gravity column combined stiffness was close to the reduced stiffness of the low-ductility frames after initial 
limit states. This positive shear resistance in the gravity columns did not occur for the SCBF frames since 
the stiffness of the SCBFs dominated the response for a larger drift range than in the low-ductility braced 
frames. In the SCBFs, the gravity columns were only significantly engaged at a larger drift level where 
destabilizing P-∆ effects were larger in magnitude than the beneficial resisting effects due to column 
bending. 
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4.4.2  Comparison of beam responses 
Another aspect to compare across the frame responses is the participation of the beams in the resistance of 
lateral loads. Two types of plots are used in this section to illustrate this behavior. First, the flexural demand 
to capacity ratio (DCR) of beams is plotted as a function of roof drift in (a). These two variables were paired 
to express the participation of the beams in each system as the response occurs. Second, the story shear 
versus the story drift is plotted in (b) to express which stories developed mechanisms and which stories 
unloaded as the frame collapsed. Again, three-story braced frames are used to illustrate some of the different 
beam behavior occurrences from all pushovers. The plots include SCBF-CH-3-CONT, OCBF-CH-3 and 
R=3-CH-3 in Figure 4.15, Figure 4.16, and Figure 4.17, respectively. 
   
   (a)                (b) 
Figure 4.15 SCBF-CH-3: (a) Beam flexural demand to capacity ratio (DCR) versus roof drift; (b) story 
shear versus story drift.  
  
   (a)                (b) 
Figure 4.16 OCBF-CH-3: (a) Beam flexural DCR versus roof drift; (b) story shear versus story drift. 
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   (a)                (b) 
Figure 4.17 R=3 CBF-CH-3: (a) Beam flexural DCR versus roof drift; (b) story shear versus story drift. 
 
The frames exhibit contrasting beam behavior throughout each pushover response. The SCBF CH frame 
has very stiff beams from the unbalanced force design requirement. This generally prevents the beams from 
yielding and permits inelasticity to occur in the braces. This is consistent with the intended response of an 
SCBF. However, the DCR shows that there is capacity available in the beam that is not being used. The 
beams in all levels of the SCBF-CH-3 developed approximately the same demand to capacity ratio of 0.5-
0.6 in resisting the brace inelastic behavior. The balanced spread of inelasticity across the height of the 
frame is evident in the story shear versus story drift plot in Figure 4.15(b). In general for the SCBF, the 
frame exhibits the beneficial response of distributing some lateral demand across more stories which 
resulted in the large drift capacities before collapse.  
The OCBF has a partial capacity design requirement which also produces a stiff beam. Unlike the SCBF, 
the OCBFs do not have additional proportioning and detailing requirements, so brittle limit states in the 
welds can occur. In the case of the OCBF-CH-3, the right brace to gusset weld fractured, and then the highly 
stiff beam transmitted the demand in the story to the left brace, which experienced a successive weld 
fracture. The disconnection of both braces ultimately caused a soft first story that developed a mechanism 
and led to frame collapse. This indicates that partial capacity design alone does not guarantee the frame 
response will utilize the additional capacity added to the design.  
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The R=3 CH experienced a right brace brittle weld fracture similar to the OCBF, but because of the beam 
above level one was not designed for additional midspan point load demands, the beam yielded as the loads 
were transferred into the remaining brace in the story. The R=3 CH yielded the beam in the first level by 
engaging what is called a long-link eccentrically braced frame (EBF) mechanism. The lack of overstrength 
in the beam permitted yielding, and in this case, the beam yielding provided secondary strength to the 
system to delay collapse.  
The behavior of the low-ductility braced frames in this example exhibit contrasting contributions beams 
can have to the overall system. The capacity of the OCBF could not be engaged by the frame since the 
connection elements did not have the necessary strength to preclude brittle failures. This suggests that the 
inclusion of the capacity design and ductile detailing requirements, like in the SCBF, is necessary to engage 
the strength of beams designed with large unbalanced for requirements. The R=3 global pushover behavior 
benefitted from the formation of a long-link EBF mechanism. This suggests that the yielding of a beam 
element in the collapse performance of CBF is not a detrimental limit state, but rather, it can provide 
additional action in resisting lateral loads and increase the drift at which collapse occurs for the frame.  
 
  
72 
 
CHAPTER 5. NONLINEAR TIME HISTORY ANALYSES 
5.1 OVERVIEW 
Nonlinear time history, or dynamic, analyses were conducted to further assess the collapse performance of 
SCBFs. The numerical model introduced in Chapter 3 was used to perform these analyses. The set of SCBFs 
analyzed in this chapter considers variations in (1) brace configuration: split-x and chevron, (2) gravity 
column continuity: pinned and continuous, and (3) number of stories: three and six-story frames. The 
complete set comprises 8 different model variations. Dynamic analyses investigate the response of a 
structure that is subjected to ground motion record acceleration data. Additional insight is gained by 
conducting dynamic analyses as compared to the monotonic pushover analyses of Chapter 4 because the 
dynamic loading captures structural response and degradation from many cycles of loading. The model 
captures the effects of load reversal as structural component degradation defined for the concentrated 
plasticity models used to model beams and columns, and low cycle fatigue captured by the use of a fatigue 
material on the distributed plasticity brace elements.  
The suite of 15 ground motions (GMs) developed for Boston, Massachusetts (Hines et al., 2009; Hines et 
al. 2011) is used to conduct the dynamic analyses. This ground motion set was used in the comprehensive 
performance assessment of low-ductility frames (Sizemore, 2017). The ground motion suite was selected 
to have median spectral matching with the USGS 2002 Site Class B 2% in 50 year Uniform Hazard 
Spectrum (UHS) for Boston. Furthermore, Hines et al. (2011) incorporated the effects of Site Class D soil 
characteristics in the ground motion suite, and developed a ground motion set at the MCE spectra. This 
scaling procedure differed from the typical approach of scaling individual ground motions to the target 
design spectrum at a particular fundamental period. The motivation of having the GM suite represent the 
MCE for a moderate seismic region was to capture the variations across a larger range of periods consistent 
with the anticipated response of the low-ductility systems typical of this seismic region. The occurrence of 
brittle limit states can drastically change the period of low-ductility systems; thus, the response of structures 
typically designed for moderate seismic regions generally is not governed by the original fundamental 
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period. This contrasts the expected behavior of ductile systems, which primarily respond to their 
undamaged fundamental period, but these systems are not commonly designed in low-to-moderate seismic 
regions. An additional result of the inclusion of the effects of the Site Class D soil column is the increased 
demand for stiffer 3-story buildings whose fundamental periods overlap the range of periods (0.6 sec. to 
1.3 sec.) where the median of the ground motion suite falls above the MCE design spectrum. Taller 
buildings with longer natural periods tend to see less demand where the median of the ground motion suite 
falls below the MCE design spectrum.  
The acceleration response spectrum quantities ranged from 0.5 to 2.0 times the uniform hazard spectrum 
quantities from the USGS data (Hines et al., 2009). The acceleration response spectra for the suite of 15 
ground motions, the average of the ground motions, and the 2008 MCE is depicted in Figure 5.1.  
 
Figure 5.1 Ground motion suite response spectra (Reproduced from Sizemore, 2017). 
In this chapter, the results of the dynamic analyses are presented with (1) individual ground motion record 
responses for a representative set of SCBF frames, (2) the incremental dynamic analysis results for all 
models, and (3) collapse fragility curves for all models. The FEMA P695 methodology is used throughout 
this chapter, and all relevant dynamic response variables are defined in the section where these variables 
are used to compare performance of the different SCBF system variations. Lastly, the collapse performance 
of the SCBFs designed for moderate seismic regions are compared to the low-ductility CBF collapse 
performance assessed by Sizemore (2017).  
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5.2 INDIVIDUAL GROUND MOTION RECORD RESPONSES  
In this section, a number of single ground motion record dynamic analysis results are presented to illustrate 
differences in dynamic behavior between the SCBF models. For all models, the ground motions scaled to 
the MCE (SF=1.0) did not produce collapse. To illustrate system behavior that is representative of the 
response of the frames, a higher scale factor (SF) needed to be selected. In general, the case studies present 
the dynamic results for the lowest scale factor at which the behavior of interest was observed.  
5.2.1 Investigation of ground motion record resulting in residual roof drift 
The first single record investigation, which is illustrated in Figure 5.2, presents the response of the SCBF-
SX-3-CONT subjected to GM 14 at SF = 1.4. This case study presents an analysis in which the frame 
sustained damage and accumulated noticeable residual drift. Since the energy dissipating mechanism in 
braced frames involve braces yielding in tension and buckling in compression, it is common for such a 
yielding system to develop residual drifts in the structure. Large residual drifts, typically greater than 0.5%, 
can make a building unserviceable after an earthquake. Although residual drifts inherently mean that the 
structure withstood the earthquake without collapsing, the presence of residual frame drifts can also increase 
the structure’s susceptibility to P-Δ effects. For these reasons, this performance level is highlighted with 
the following case study. Residual roof drift for the system was estimated as the mean roof drift during the 
final 5 seconds of the dynamic response. An additional free vibration time period was not simulated at the 
end of each ground motion, so this approach is an approximate method of quantifying system residual drift.  
The brace behavior plots in Figure 5.2 show that all stories of the SCBF-SX-3-CONT responded with brace 
inelasticity. All stories exhibited some degree of brace yielding in tension and buckling in compression, 
with the yielding response being the most severe in the first and second story braces that were initially 
loaded in tension (i.e. the first story left brace and the second story right brace). This suggests that the split-
x configuration distributes the inelastic demands across multiple stories of the braced frame. The inelastic 
brace response at higher stories also indicates the possible influence of higher mode effects in this ground 
motion record analysis. The brace response also illustrates that the model captured cyclic degradation of 
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 the braces as they cycled between tension and compression. In this analysis, no braces were fractured.  
 
 
  
 
 
Figure 5.2 Dynamic response of SX-3-CONT illustrating residual drift (SF = 1.4 for GM 14) 
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Although multiple stories were engaged in resisting the lateral demands, the accumulation of residual drift 
occurred because of the development of permanent deformation in the story 1 and 2 braces and the 
occurrence of first story column yielding. This resulted in a residual roof drift of 0.36% by the end of the 
ground motion record. The base shear response of the system also appears compromised after the sudden 
accumulation of residual drift around 12 seconds, as it is not developing as high of levels of base shear in 
resistance to the ground motion. This observation is made in consideration of the typical base shear response 
of braced frames that did not sustain residual roof drift from this GM at this SF. The narrow range of the 
base shear resistance after the frame has sustained residual roof drift is an indicator of the inelastic 
deformations of the braces. 
The beams did not yield in response to the demands from the previously discussed brace inelasticity. This 
observation differs from the nonlinear static analysis of the SCBF-SX-3-CONT, where the first story brace 
buckling dominated the response and engaged the second story braces in tension and compression at levels 
below the buckling capacity. The concentration of the demands in the first story during the nonlinear static 
analysis produced beam hinging outside of the gusset plate region at beam midspan. The beam at the 
intersection of the X was designed for an unbalanced force equal to the difference in brace capacity above 
and below the beam, so it was not designed to resist the larger unbalanced force which was observed in the 
pushover. In contrast, the dynamic analysis response was characterized by cycles of yielding and buckling 
of braces in all stories. The brace degradation which occurred from the cycles of loading additionally 
prevented a single dominant response from developing in a brace, which could cause the behavior observed 
in the pushover. 
To illustrate differences in the split-x and chevron the response, SCBF-SX-3-CONT is now compared to 
the dynamic analysis results for SCBF-CH-3-CONT excited with the same GM at the same SF (Figure 5.3). 
The chevron frame sustained a minimal level of 0.08% residual roof drift from this ground motion. The 
sudden accumulation of residual drift, seen as a shift in the mean point of oscillation of the roof drift, 
occurred near the same time step as the split-x frame. At this point in the time history, both frames had 
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developed significant inelastic response, and the acceleration content of the ground motion produced 
permanent deformations in the systems. Thus, the tendency to accumulate residual drift was not specific to 
either brace configuration. The brace response of the CH-3-CONT frame shown in Figure 5.3 indicates that 
the inelastic response was primarily concentrated in the first story. The first story braces exhibited stable 
tensile yielding and compression buckling, without the occurrence of fracture. Additionally, the first story 
braces did not appear to sustain large permanent elongations like the braces in the split-x configuration did. 
The second and third story braces experienced low degrees of buckling demands but remained mostly 
elastic in tension. This suggests that the chevron configuration tends to resist inelastic demands 
concentrated in a story.  
A difference between the CH-3 and the SX-3 response is that a larger degree of braced frame column 
yielding occurred throughout the time history for the CH compared to the SX. Column yielding occurred 
to a higher degree in the first story than the second, and the third story columns remained elastic. The 
improved performance of the CH compared to the SX configuration can be attributed to the CH 
configuration engaging frame action in resisting the concentrated first story inelastic demands. The 
observed column yielding indicates the columns provided a secondary source of lateral resistance for the 
frame. Permanent brace elongation, like what was observed in the SX case, was precluded because the CH 
activated the additional resistance provided by the flexural yielding of the braced frame columns. 
Additionally, the observed column yielding did not have a detrimental effect on the frame stability, which 
can be seen in the minimal accumulation of drift in the first and second stories (i.e. less than 0.1%). 
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Figure 5.3 Dynamic response of CH-3-CONT illustrating minimal residual drift (SF = 1.4 for GM 14) 
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5.2.2 Investigation of ground motion record resulting in collapse 
The next ground motion record response investigates the influence of the continuity of the gravity columns 
in a collapse case. The CH-3-PIN and CH-3-CONT models are compared for GM 10 at SF = 2.8. The 
response of the CH-3-PIN model in Figure 5.4 clearly shows that the 45 sec. ground motion was not 
completed due to the early collapse of the frame. The collapse indicator for this case study was the 
accumulation of large drifts in a story (i.e. greater than 5%). The first story braces experienced a 
concentration of inelastic demands throughout the ground motion. The braces degraded to a point where 
the OpenSees fatigue material, which simulates low-cycle fatigue, removed enough fibers in the brace cross 
section to “fracture” the element. The brace behavior plots show a horizontal branching line at the zero 
force level upon brace fracture. The successive fracture of both first story braces led to the concentration 
of column demands that initiated a first story mechanism. The response of the CH-3-CONT, which did not 
collapse under this GM at this SF, is shown in Figure 5.5 to contrast the response of the CH-3-PIN. 
The response of the CH-3-CONT has many of the same behavioral attributes of the CH-3-PIN, including 
the concentration of inelastic demands in the first story braces. The first story braces in the CH-3-CONT 
did sustain damage during the ground motions. Fibers were removed in both first story braces. This can be 
seen as the jagged transitions in the brace hysteresis. By the end of the ground motions, the braces had lost 
considerable energy dissipating capacity, and oscillated at a low force level. The right brace, which 
experienced compression first, resisted nearly zero force by the end of the test, but the cross section retained 
enough fibers to not register as fractured. The stability of the first story was due to the left brace remaining 
engaged through the end of the test. The maximum story drift occurred in the first story at a level of 2.6%, 
which is considerably lower than the 5% story drift that was the collapse indicator for the CH-3-PIN. This 
suggests that the gravity column continuity provides a large reduction in the concentration of drift in a 
single story. This is consistent with behavior of CH-3-CONT observed in the previous case study. The CH 
configuration performance benefitted from the additional contributions to lateral capacity made by the 
flexural response of the braced bay and gravity bay columns. 
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Figure 5.4 Collapse response of CH-3-PIN (SF = 2.8 for GM 10) 
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Figure 5.5 Dynamic response of CH-3-CONT (SF = 2.8 for GM 10) 
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The lateral resistance due to column flexure contributed to the stability of the system in that drift demands 
on the first story braces did not increase to the point of fracture. Brace fracture ultimately led to the collapse 
of the CH-3-PIN. The braces remained partially intact in the CH-3-CONT analysis because the columns 
provided additional resistance to the system resulting in improved collapse performance. 
5.3 INCREMENTAL DYNAMIC ANALYSIS 
Incremental dynamic analysis (IDA) is a procedure that involves scaling ground motions to increasing 
intensities until the numerical model reaches collapse (Vamvatsikos and Cornell, 2002). In a FEMA P695 
performance evaluation, incremental dynamic analyses are used to determine the median collapse intensity, 
ŜCT, and the collapse margin ratio, CMR, of the set of SCBFs. The median collapse intensity is the spectral 
acceleration at which half of the ground motion records produce collapse. Per FEMA P695, the collapse 
margin ratio is defined as the ratio of the median collapse intensity to the MCE spectral acceleration at the 
building’s period, CMR = ŜCT/SMT. However, in this research a slightly different approach was taken for 
the ground motion suite and scaling. For the ground motion suite used (Hines et al., 2009), all ground 
motions with SF = 1.0 were considered to be MCE level motions, so the CMR is equivalent to the scale 
factor at median collapse. The first scale factor at which a ground motion collapses is taken as the collapse 
scale factor, and no further scale factors were tested. The collapse criteria selected for this IDA procedure 
was a maximum story drift ratio of 5%. This decision is consistent with previous IDAs of SCBFs (Hsiao et 
al., 2013b), and it represents the drift beyond which the stiffened beam column gusset connections in an 
SCBF would lose considerable stiffness and no longer ensure rigid frame action. Since the loss of stiffness 
at the beam-column-gusset connection beyond 5% story drift was not directly modeled, the collapse criteria 
defined accounts for that modeling limitation.  
This story drift value used to indicate collapse is different than what was selected in the comprehensive 
performance assessment of low-ductility braced frames (Sizemore, 2017), where 10% story drift was 
chosen to indicate collapse. However, in those analyses, once 3% story drift was reached, the low-ductility 
models increased to 10% in few additional time steps. Thus, the low-ductility braced frame evaluations of 
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collapse (i.e. the scale factor and probability at collapse) would not be altered with the criterion used in this 
paper. The comparison between these systems is still valid, and this discussion is presented in a later section 
of this chapter. 
This section presents the results of IDAs conducted for 8 total numerical SCBF models, which considered 
the variations in (1) chevron or split-x brace configuration, (2) three or six-story, and (3) pinned or 
continuous gravity columns. 
5.3.1 IDA Results 
This section presents the results of the IDAs. The coordinates of maximum story drift and scale factor at 
which that story drift occurred are plotted as results for the IDAs. Collapse of the model under a certain 
scale factor is identified by “flattening” of the curve at the collapse scale factor. In the first set of plots, 
Figure 5.6, Figure 5.7, Figure 5.8, and Figure 5.9, the complete IDAs for each ground motion are shown. 
Recall that the scale factor is equivalent to the CMR since the ground motion set was scaled to the MCE 
spectrum rather than the design spectrum.  
These plots exhibit the phenomenon of “weaving,” which describes the behavior when increasing scale 
factors of an individual ground motion do not produce monotonically increasing maximum story drift. For 
a ground motion set that is scaled to the design response spectrum with period matching, the characteristic 
shape of the IDA is a monotonically increasing curve up to the scale factor that produces collapse. The 
weaving characteristic of IDAs has previously been observed from evaluation of low-ductility CBFs (Hines 
et al., 2009; Stoakes, 2012; Sizemore, 2017). Sizemore (2017) concluded that the observed weaving was 
the result of the low-ductility systems’ strong dependence on the sequence of limit states on the structural 
behavior. It is not typical for high ductility systems to exhibit this weaving behavior; however, the scaled 
ground motion set used had frequency content at a wide range of periods which contributed to the 
irregularity of the excitation and response of the SCBFs. 
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Although the SCBF ground motion IDAs exhibited weaving, the curves still trended towards maximum 
story drifts of 5% and greater at reasonably distinct scale factor regions. It is also worth noting that some 
of the ground motions did not produce collapse at any scale factor tested, but all models developed collapse 
for at least half of the ground motions. This made it possible to determine the median collapse intensity, 
develop fragility curves for each frame, and ultimately evaluate the seismic performance of all systems. 
The inability for certain ground motions to produce collapse in SCBFs has been observed in previous 
research (Hsiao et al., 2013b). The researcher posited that some ground motion IDA curves did not collapse 
due to the irregular characteristics of the acceleration response spectra for their set of ground motions. 
Specifically, their spectral acceleration had large increases or decreases at modest changes in periods. The 
ground motions used for the performance evaluation of SCBFs in this thesis have a similar irregularity. 
Thus, the cause of certain ground motions failing to produce collapse can be attributed to the spectral 
acceleration irregularity of the ground motion set used. 
The second representation of the IDA results are fractile IDA curves, presented in Figure 5.10 through 
Figure 5.13. This involved sorting the maximum story drift data from lowest to highest at each scale factor, 
and selecting the 16% (3 of 15), 50% (8 of 15), and 84% (13 of 15) fractiles for the data at that scale factor. 
These plots do not represent the exact IDA response of any one ground motion; rather, they represent a 
statistic describing the response of the ground motion set to incrementally increasing scale factors. The 
weaving behavior noted for the individual ground motion IDAs was generally reduced in creating the 
fractile IDAs. That is, local variability in the maximum story drifts at adjacent scale factors was dispersed 
through the set, and any weaving that remained in the fractile IDA curves is representative of the behavior 
of the system subjected to the ground motion suite at increasing scale factors. Plotting fractile IDAs also 
facilitated the identification of the median scale factor at collapse. This is identified as the scale factor that 
the 50% fractile curve (i.e. the middle green curves) shows story drifts indicating collapse. Both sets of 
IDA curves discussed above are presented in the following figures. The results of the IDAs are summarized 
in Table 5.1 and Table 5.2 for the three story SCBFs and the six story SCBFs, respectively. 
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   (a)                (b) 
Figure 5.6 Incremental dynamic analysis full ground motion set results (a) SX-3-CONT (b) SX-3-PIN 
 
 
 
   (a)                (b) 
Figure 5.7 Incremental dynamic analysis full ground motion set results (a) CH-3-CONT (b) CH-3-PIN 
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   (a)                (b) 
Figure 5.8 Incremental dynamic analysis full ground motion set results (a) SX-6-CONT (b) SX-6-PIN 
 
 
 
   (a)                (b) 
Figure 5.9 Incremental dynamic analysis full ground motion set results (a) CH-6-CONT (b) CH-6-PIN 
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   (a)                (b) 
Figure 5.10 Incremental dynamic analysis fractile curves (a) SX-3-CONT (b) SX-3-PIN 
 
 
 
   (a)                (b) 
Figure 5.11 Incremental dynamic analysis fractile curves (a) CH-3-CONT (b) CH-3-PIN 
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   (a)                (b) 
Figure 5.12 Incremental dynamic analysis fractile curves (a) SX-6-CONT (b) SX-6-PIN 
 
 
 
   (a)                (b) 
Figure 5.13 Incremental dynamic analysis fractile curves (a) CH-6-CONT (b) CH-6-PIN 
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A summary of the IDA results is included in Table 5.1 and Table 5.2. The tables present the lowest SF at 
which collapse was observed and the story that first reached the collapse drift of 5% for each ground motion. 
The average scale factor at collapse and the mode of the stories that collapsed is located in the righthand 
column. The dash marks (-) indicate that collapse was not observed for that GM at any SF tested. 
 
Table 5.1 Summarized IDA results for the three-story SCBFs: scale factor and story at collapse 
 
 
Table 5.2 Summarized IDA results for the six-story SCBFs: scale factor and story at collapse 
 
The following observation regard the influence of the SCBF model variables (e.g. brace configuration, 
number of stories, continuity of the gravity columns) on the dynamic performance of the suite of models 
analyzed. On average, all frame models with pinned gravity columns collapsed at lower SFs than their 
continuous gravity column counterpart. The three-story frames showed consistently lower scale factors at 
collapse for all GMs for the pinned model variations. For a number of GMs (1, 3, 6, 10, and 11), this trend 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SF 6.6  -  - 5.4 3.6 3.6 - 6.4 5.2 4.8 3.8 4.6 4.8 2.6  - 4.7
Story 1  -  - 1 1 1 - 2 3 3 3 1 1 3  - 1
SF 6.6  -  - 4.4 3.2 3.2  - 6.4 3.2 3.8 3.4 3.2 4.2 2.6  - 4.0
Story 1  -  - 3 3 2  - 2 3 3 3 3 2 3  - 3
SF 4.0  -  - 6.2 5.4 4.6  - 6.6 4.8  - 6.2 4.4  - 3.0  - 5.0
Story 1  -  - 1 1 1  - 1 1  - 1 1  - 1  - 1
SF 3.4 7.0 5.4 2.2 1.6 1.6 6.8 5.6 2.4 2.8 3.0 2.8 2.6 2.4 6.4 3.7
Story 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Ground Motion Average SF / 
Mode Story
SCBF 
Frame ID
Collapse 
Variable
SX3 - 
CONT
SX3 - 
PIN
CH3 - 
CONT
CH3 - 
PIN
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
SF  -  - 3.6 5 3.8 2.4  -  - 3 4 3.2 4.4 3 3  - 3.5
Story  -  - 6 6 1 6  -  - 6 6 6 6 6 6  - 6
SF  -  - 5.8 2.6 3 3.2  -  - 2.2 4.4 3.2 3.4 3.2 2.8  - 3.4
Story  -  - 6 1 6 1  -  - 6 6 5 6 5 5  - 6
SF 5.6  -  - 5.8 3.4 3.4  -  - 4.4 5.4 5.4 4.8 4.4 4.2  - 4.7
Story 1  -  - 6 1 6  -  - 6 6 6 6 6 2  - 6
SF  -  -  - 5.2 3.4 3.4  -  - 3.2 5.2 5.8 3.2 4.4 4.0  - 4.2
Story  -  -  - 4 5 4  -  - 6 1 6 6 6 2  - 6
CH6 - 
CONT
CH6 - 
PIN
SX6 - 
CONT
SX6 - 
PIN
SCBF 
Frame ID
Collapse 
Variable
Ground Motion Average SF / 
Mode Story
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did not hold for the six-story frames, and the pinned model variations sometimes resisted collapse at higher 
SFs than the continuous model variations. The configuration of the braces also did not correlate with the 
observation of higher scale factors of collapse for some individual GMs in the six story analyses; that is, it 
affected both SX-6 and CH-6 models erratically. This suggests that the frame height was the model variation 
related to the irregular collapse scale factors for the frames. This can be attributed to the excitation of higher 
modes in the dynamic analyses. The interplay between the GM suite with variable frequency content at 
adjacent periods and the higher mode response of the system can account for some of the irregularity in the 
response observed.  
A trend observed between the two brace configurations is that the CH frames showed better collapse 
performance than the SX frames within the same height group. The improved performance of the CH 
configuration was largely due to its ability to engage frame action in addition to the primary lateral 
resistance provided by brace inelasticity. The deep beams associated with the large unbalanced force 
requirement in the design of CH SCBFs provided flexural stiffness for the frame and rigidity to the beam-
column-gusset connection regions. The beams in the SX configuration are designed for smaller unbalanced 
forces, if any. For example, if the same brace size is selected for the two stories that comprise the X, the 
capacity design procedure does not impose any additional flexural demands on the beam from the expected 
brace inelastic forces. The resulting beam sizes in the SX are much smaller than the CH, and in light of the 
reduced collapse performance of the SX models, this indicates that the proportioning of beams in the SX 
do not provide the same level of frame action, although the flexural stiffness of the columns can still be 
engaged in the SX configurations when differential drifts occur in adjacent stories.  
Additional insight into the sources of improved collapse performance between the two brace configurations 
was obtained by accounting for the modeling of the gravity system. The reduction in collapse SF for the 
pinned gravity column models was more severe for the CH configuration compared to the SX. This 
indicates that the lateral resistance provided by the CH configuration is more reliant on the contribution of 
the continuous gravity columns. The dynamic analysis results have shown that the seismic stability of the 
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CH-SCBFs relies on the engagement of column flexure in both the braced frame columns and the gravity 
columns as a response to concentrated story demands. The concentration of inelastic action within a story 
of CH frames is the behavior which enables the engagement of the flexural response of all columns in the 
model at a more significant degree than the SX configuration. The variation in collapse SFs between the 
SX-CONT and SX-PIN models was not as large as the observed CH variation, which suggests that the 
seismic stability of the SX is less dependent on the connected gravity system. The SX-SCBF has been 
shown to spread the inelastic demands across multiple stories and rely on the primary frame response of 
brace inelastic action across multiple stories for seismic stability. This makes the modeling of the gravity 
columns less consequential for the collapse performance of SXs. That is, the gravity columns are not as 
engaged in the seismic stability of the SX frames. The collapse mechanism in a SX occurs over multiple 
stories and the gravity columns do not provide much additional benefit to the SCBF. Incorporating realistic 
models of the gravity beam-to-column connections would increase the beneficial influence on the collapse 
performance of the SX configuration beyond just the gravity column continuity. Sizemore (2017) 
investigated the effect of modeling realistic beam-to-column gravity connections on the collapse 
performance of a set of low-ductility frames that failed FEMA P695 when gravity connections were 
modeled as pins. The performance improved significantly for all frames (SX and CH configurations; 3, 6, 
9 stories), and all frames passed FEMA P65 with realistic gravity connections. This provides a strong 
indication that the gravity column connections can provide a benefit to the collapse performance.  
Beyond the insights gained from analyzing the IDA data through the lens of the modeling variations, the 
IDAs also enabled the determination of the CMR for each model, which for reasons discussed previously, 
corresponds to the median scale factor at collapse. Determination of CMR is required to conduct the FEMA 
P695 performance evaluation that is presented in Section 5.4. Table 5.3 presents the CMRs determined for 
each model. 
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Table 5.3 Collapse Margin Ratios from IDAs 
SCBF Frame ID CMR 
SX3 - CONT 5 
SX3 - PIN 4 
CH3 - CONT 6 
CH3 - PIN 2.6 
SX6 - CONT 3.8 
SX6 - PIN 3.2 
CH6 - CONT 5.2 
CH6 - PIN 5 
 
5.4 PERFORMANCE EVALUATION 
Using the quantities determined from the nonlinear static and nonlinear dynamic analyses, a FEMA P695 
performance evaluation for the set of SCBFs designed for moderate seismic regions was performed. FEMA 
P695 requires that the CMR determined from the IDA procedure is adjusted to account for the spectral 
shape of the ground motion record set. This is done with a spectral shape factor, SSF, which is determined 
using the period based ductility, μT, and the fundamental period, T. The adjusted collapse margin ratio is 
defined as ACMR = SSF ∙ CMR. Figure 5.14 shows the table from FEMA P695 that is used to obtain SSF 
to adjust the CMR. Note that all values of SSF are greater than 1.0, so they have the effect of amplifying 
the collapse margin ratio. The purpose of this adjustment is to adjust the CMR to a higher value to account 
for the tendency of rare ground motions, such as those corresponding to the MCE, to be less damaging 
when they are scaled to the design response spectrum at the fundamental period of the building (FEMA, 
2009). However, when the ground motion suite is scaled to the uniform hazard spectrum, as done in the 
Hines et al. 2009 ground motion suite for Boston, Massachusetts used in this evaluation, SSF = 1.0 can be 
used (Sorbella, 2006; Sorbella et al. 2006). This makes the ACMR = CMR. Additionally, this was the 
decision made in the recently conducted low-ductility CBF performance assessment (Sizemore, 2017). 
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Figure 5.14 Spectral Shape Factor (SSF) used to adjust the collapse margin ratio (CMR), (Reproduced 
from FEMA P695). 
FEMA P695 evaluates the collapse performance of each archetype model by comparing the ACMR to a 
required ACMR. In order to determine the required ACMR for the set of models analyzed, it is necessary 
to determine collapse uncertainty, or the dispersion of the collapse predictions, βTOT. Once this term is 
determined, the performance evaluation can be conducted directly from the data known up to this point. 
However, to have a more throughout understanding of the probability of collapse of each model, a collapse 
fragility curve can be created for each model. Section 5.4.1 introduces the procedure followed to determine 
βTOT, develop the collapse fragility curves, and complete the performance evaluation of the SCBFs for 
moderate seismic regions. 
5.4.1 Collapse fragilities 
After compiling the collapse data from the IDAs, the FEMA P695 procedure introduces the collapse 
fragility curve. The collapse fragility is a relationship between the ground motion intensity and the 
probability of collapse. The lognormal cumulative distribution has been shown to fit collapse data well. 
(Ibarra et al., 2002). 
The FEMA P695 method defines the collapse fragilities by using two parameters: (1) the median collapse 
intensity, ŜCT, determined from the IDA analyses and (2) total collapse uncertainty (dispersion: the standard 
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deviation of the natural logarithm), which represents the slope of the curve at 50% probability. The median 
collapse intensity was previously identified for each model. The performance evaluation conducted for 
moderate seismic regions in this thesis uses a modified FEMA P695 approach. The SF of 1.0 corresponded 
to MCE level ground motions, so the median collapse intensity is taken as the SF at collapse. This modified 
approach extended to the development of the collapse fragilities, which are plotted as SF versus probability, 
instead of the FEMA P695 standard of ŜCT versus probability. This section discusses the determination of 
the total collapse uncertainty for use in developing the fragility curves. 
The total collapse uncertainty is formulated from four sources of uncertainty: (1) the record-to-record 
uncertainty, βRTR ; (2) the design requirements uncertainty, βDR ; (3) the test data uncertainty, βTD ; and (4) 
the modeling uncertainty, βMDL. The value selected for each uncertainty component and the justifications 
for the decisions follow. 
The record-to-record uncertainty describes the variability in the response of the models to different ground 
motion records. It considers the variability in dynamic response due to the effects of both differences in 
frequency content of the ground motion records and the differences in the hazard characterization of the 
record set. FEMA P695 sets a fixed value of βRTR = 0.40 for systems with period based ductility, μT greater 
than 3. This record-to-record variability is appropriate for systems that experience significant period 
elongation before collapse, as represented by the range of ductilities. A few of the SCBF models considered 
in this performance evaluation (SX-3-PIN, CH-6-CONT/PIN) have μT < 3, but FEMA P695 suggests the 
βRTR = 0.40 is appropriate for systems with limited ductility capacity since they will still likely experience 
period elongation.  
The design requirements uncertainty, βDR, represents the completeness and robustness of the design 
requirements in their effectiveness in preventing unanticipated failure modes. FEMA P695 provides a table 
for evaluating this uncertainty, and it is annotated as in Figure 5.15 for use in this performance evaluation. 
For the SCBFs, a rating of Medium was selected for the Completeness and Robustness category, and a 
Confidence rating of High was selected. These values were selected in view of the design requirements 
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explicitly considering the inelastic brace forces in the design of connections and other frame members. This 
design requirement ensures the inelastic behavior of the braces can be generally reached to provide energy 
dissipation to the system. However, the capacity design procedures for SCBFs do not consider the effects 
of concentrated inelasticity in a story. This means that the frame members are not designed with this 
distribution of inelasticity in mind. The limit states of brace fracture and subsequent large flexural demands 
on the brace frame columns are not directly considered in the design of the SCBFs. Therefore, the Medium 
Completeness and Robustness rating represents reasonable safe guards against unanticipated failure modes, 
and the High Confidence represents a sound basis for the existing design procedures. This yielded a (B) 
Good quality rating and a βDR = 0.20. 
 
Figure 5.15 Table for determining the Quality Rating of the Design Requirements (Reproduced from 
FEMA, 2009).  
 
The test data uncertainty, βTD, reflects the completeness and robustness of the test data used to define the 
system. Numerous component level tests results are available for SCBF systems and were incorporated in 
the model (Hsiao et al., 2012; Karamanci and Lignos, 2014). However, component level experiments can 
fail to fully evaluate the influence of the element behavior on the overall frame behavior. There are few full 
scale experimental tests of SCBF systems; however, research in the past decade has begun to address this. 
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Roeder et al. (2010) conducted full scale tests of two-story SCBFs with improved gusset plate designs that 
were shown to promote the ductility capacity of the HSS braces. Prior to this experimentation and 
improvement in the gusset plates, SCBFs with HSS braces and the typical rectangular gusset plates 
exhibited limited ductility. These experimental test results contributed to fundamental understanding of the 
behavior of SCBFs, and the numerical models that incorporated the experimentally validated gusset plate 
contributions to brace ductility were even included in this research. The experimental evaluation of 
nonductile SCBFs (Sen et al., 2016) is related, but not directly applicable to the code-compliant high-
ductility SCBFs. For these reasons, a Completeness and Robustness rating of Medium and Confidence level 
for the test results of Medium were selected. From Figure 5.16, this yielded a (C) Fair quality rating and a 
βTD = 0.35. 
 
Figure 5.16 Table for determining the Quality Rating of the Test Data (Reproduced from FEMA, 2009). 
 
The last component to determine is the modeling uncertainty, which represents how effective the structural 
model is in capturing realistic structural response, how accurately the model components represent physical 
design parameters, and the completeness of the simulation of collapse behavior. The model used in this 
performance evaluation captured the essential structural behavior, including: inelastic brace buckling and 
yielding behavior, cyclic-deterioration of braces and main structural members, and the inelastic rotations in 
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the gusset plate regions. Collapse was estimated at an accumulated story drift level of 5% which 
corresponded to the expected drift where the gusset plates would no longer ensure frame action. The loss 
of stiffness in the gusset region beyond 5% drift was not directly simulated. For these reasons, a High rating 
for Representation of Collapse Characteristics and a Medium rating for Accuracy and robustness were 
selected, per Figure 5.17. This resulted in a (B) Good quality rating and a βMDL = 0.20. 
 
 
Figure 5.17 Table for determining the Quality Rating of the Index Archetype Models (Reproduced from 
FEMA, 2009). 
 
In summary, the uncertainties selected are: βRTR = 0.40, βDR = 0.20, βTD = 0.35, and βMDL = 0.20. These 
values are combined to calculate the total collapse uncertainty according to the following expression,        
βTOT = √( βRTR2 + βDR2 + βTD2 + βMDL2 ). The resulting value of the total collapse uncertainty was βTOT = 0.60 
for the SCBFs.  
At the end of this section, the performance of SCBFS in moderate seismic regions is compared against the 
performance of OCBFs and R=3 CBFs in the same region (Sizemore, 2017). The collapse uncertainties for 
those systems follow: βTOT = 0.65 for the OCBFs and βTOT = 0.75 for the R=3 CBFs. 
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Using the CMR (i.e. scale factor at median collapse) determined for each SCBF model, and the βTOT that 
applies to all SCBFs, the collapse fragilities can be plotted using a lognormal cumulative distribution 
function anchored at the median probability equal to CMR and with dispersion equal to βTOT. The complete 
set of collapse fragility curves are shown in Figure 5.18, Figure 5.19, Figure 5.20, and Figure 5.21. Each 
plot also identifies the ACMR (equal to the CMR in this evaluation), and the probability of failure at MCE, 
P(F) at MCE. The vertical line is the SF corresponding to MCE spectral acceleration, and the horizontal 
line is the 10% probability used to evaluate the adequacy of the collapse performance of the systems.  
 
   (a)                (b) 
Figure 5.18 Collapse fragility curves (a) SX-3-CONT (b) SX-3-PIN 
 
   (a)                (b) 
Figure 5.19 Collapse fragility curves (a) CH-3-CONT (b)CH-3-PIN 
 
ACMR = 5.00 
P(F) @ MCE = 0.025 
ACMR = 4.00 
P(F) @ MCE = 0.040 
ACMR = 6.00 
P(F) @ MCE = 0.015 
ACMR = 2.60 
P(F) @ MCE = 0.056 
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   (a)                (b) 
Figure 5.20 Collapse fragility curves (a) SX-6-CONT (b)SX-6-PIN 
 
 
   (a)                (b) 
Figure 5.21 Collapse fragility curves (a) CH-6-CONT (b)CH-6-PIN 
  
ACMR = 3.80 
P(F) @ MCE = 0.050 
ACMR = 3.20 
P(F) @ MCE = 0.080 
ACMR = 5.20 
P(F) @ MCE = 0.022 
ACMR = 5.00 
P(F) @ MCE = 0.025 
100 
 
The fragility curves enable the direct evaluation of the probability of failure at MCE. FEMA P695 suggests 
that the probability of collapse at the MCE be limited to 10% for each performance group on average. 
However, the evaluation of outliers within a performance group is permitted to be conducted with a limit 
of 20% probability of collapse at the MCE. In this assessment of SCBFs, the criterion selected to indicate 
adequate collapse performance is a probability of collapse at MCE less than 10%. Another means of 
concluding the collapse performance of the systems is to determine the acceptable value of ACMR. FEMA 
P695 provides a table that is used to determine this required ACMR, which is reproduced in Figure 5.22   
 
Figure 5.22 Table of acceptable values of ACMR (Reproduced from FEMA, 2009). 
 
The final performance evaluation of the systems considering both the information gained from the collapse 
fragilities and the comparing the system ACMR to the FEMA P695 required ACMR (ACMR10%) is 
presented in the following section. 
5.4.2 Performance evaluation results 
The results of the collapse performance evaluation of the SCBFs for moderate seismic regions are organized 
in Table 5.4. All SCBF model variations exhibited satisfactory collapse performance according to this 
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evaluation process by developing probabilities of collapse at MCE below 10% and with ACMRs greater 
than the required ACMR per FEMA P695. 
Table 5.4 Collapse performance evaluation of SCBFs: Adjusted collapse margin ratio, the FEMA P695 
acceptance criteria, the probability of failure at MCE, the pass/fail status of the performance 
Frame ID ACMR Required 
ACMR10% 
p(F) at 
MCE 
Pass/Fail 
SX3 - CONT 5.00 2.16 0.025 Pass 
SX3 - PIN 4.00 2.16 0.040 Pass 
CH3 - CONT 6.00 2.16 0.015 Pass 
CH3 - PIN 2.60 2.16 0.056 Pass 
SX6 - CONT 3.80 2.16 0.050 Pass 
SX6 - PIN 3.20 2.16 0.080 Pass 
CH6 - CONT 5.20 2.16 0.022 Pass 
CH6 - PIN 5.00 2.16 0.025 Pass 
[a]: ACMR = CMR based on the ground motion suite used in this 
evaluation, per the recommendations of Sorbella (2006). 
 
Since a primary objective of this performance evaluation is to compare a high ductility system, the SCBF, 
with the low ductility systems typical of low to moderate seismic regions, the R=3 CBFs and OCBFs, the 
collapse performance assessment findings from Sizemore (2017) are referenced below.  
Since the total system uncertainty used for the low-ductility models differed from that used for the SCBF, 
the required ACMR for each system needed to be determined with Figure 5.22 according to each system’s 
uncertainty. Sizemore used βTOT = 0.65 for the OCBFs, which corresponded to a required ACMR of 2.30, 
and βTOT = 0.75 for the R=3 CBFs, which corresponded to a required ACMR of 2.61. The compliance of 
the systems to the FEMA P695 acceptance criteria is indicated by a pass/fail status for the three and six-
story systems in Table 5.5 and Table 5.6, respectively. 
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Table 5.5 Collapse performance evaluation comparison of three-story low and high-ductility CBFs 
Frame ID ACMR[a] 
Acceptance Criteria 
Required 
ACMR10% 
P(F) at 
MCE 
Pass/Fail  
SCBF-SX-3 5.00 2.16 0.025 Pass 
SCBF-CH-3 6.00 2.16 0.015 Pass 
OCBF-SX-3 1.24 2.30 0.370 Fail 
OCBF-CH-3 3.20 2.30 0.040 Pass  
R=3-SX-3 1.07 2.61 0.460 Fail 
R=3-CH-3 2.17 2.61 0.150 Fail 
[a]: ACMR = CMR for both the low-ductility and high-ductility CBFs based 
on the ground motion suite used, per the recommendations of Sorbella (2006). 
 
Table 5.6 Collapse performance evaluation comparison of six-story low and high-ductility CBFs 
Frame ID ACMR[a] 
Acceptance Criteria 
Required 
ACMR10% 
P(F) at 
MCE Pass/Fail  
SCBF-SX-6 3.80 2.16 0.050 Pass 
SCBF-CH-6 3.20 2.16 0.022 Pass 
OCBF-SX-6 2.59 2.30 0.070 Pass 
OCBF-CH-6 3.32 2.30 0.030 Pass 
R=3-SX-6 2.06 2.61 0.170 Fail 
R=3-CH-6 2.53 2.61 0.110 Fail 
[a]: ACMR = CMR for both the low-ductility and high-ductility CBFs based 
on the ground motion suite used, per the recommendations of Sorbella (2006). 
 
From this comparison, it is evident that the collapse performance of the SCBF dwarfed the R=3 CBF at 
both the three and six-story levels. These systems represent opposite ends of the design requirements in 
terms of ensuring system ductility. The design of the R=3 CBF is only governed by AISC 360, and that is 
represented in its generally poor collapse performance. The differences in collapse performance between 
the SCBF and the OCBF are more nuanced. At the three-story height, the OCBF failed to provide adequate 
performance in the SX configuration, and both SCBF configurations had a much lower probability of 
collapse compared to the OCBFs. At the six-story heights, the probability of collapse at the MCE for both 
systems are approximately the same, with the SCBF slightly outperforming the OCBF. This suggests that 
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at increased story heights, there may not be as great of an advantage in selecting a higher ductility system 
like the SCBF if the OCBF is also adequate.  
Additionally, these results highlight that the performance of the split-x configuration was consistently worse 
than the chevron configuration for all systems: SCBF, OCBF, and R=3 CBF, and at all story heights: three 
and six-story. This observation contrasts the results of the pushover analyses for these systems. The 
pushover analyses indicated that in general, the SX had a higher drift capacity at collapse than the CH. The 
dynamic analysis assessment enabled the consideration of critical aspects of the realistic seismic 
performance of the systems that are not captured in a monotonic pushover, namely: the effect of structural 
degradation on the system collapse performance and the excitation of higher mode responses when the 
systems are subjected to ground motion accelerations. 
This section provides another perspective on the collapse performance evaluation results. A weight 
normalized parameter, PI, is introduced to provide a comparison of system performance that is not biased 
by the system weight. This parameter does not have a physical meaning, but it is useful in comparing 
systems of the same height. The performance indicator is defined as PI = (ACMR/ACMR10%)/WCBF, where 
WCBF is the weight of the CBF in US tons. It was necessary to normalize the ACMR by the ACMR10% since 
the SCBF, OCBF, and R=3 CBF all used different βTOT in their respective collapse performance 
assessments. The higher PIs correspond to more favorable performance. The PIs for the three and six-story 
frames are included in Table 5.7 and Table 5.8. 
Table 5.7 Performance Indicators (PI) for three-story frames 
Frame ID ACMR ACMR10% 
WCBF      
(US tons) 
PI 
SCBF-SX-3 5.00 2.16 13.3 0.17 
SCBF-CH-3 6.00 2.16 9.1 0.31 
OCBF-SX-3 1.24 2.30 9.8 0.055 
OCBF-CH-3 3.20 2.30 6.9 0.20 
R=3-SX-3 1.07 2.61 5.9 0.069 
R=3-CH-3 2.17 2.61 5.9 0.14 
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Table 5.8 Performance Indicators (PI) for six-story frames 
Frame ID ACMR ACMR10% 
WCBF      
(US tons) 
PI 
SCBF-SX-6 3.80 2.16 26.4 0.067 
SCBF-CH-6 5.20 2.16 19.0 0.13 
OCBF-SX-6 2.59 2.30 18.4 0.061 
OCBF-CH-6 3.32 2.30 12.6 0.11 
R=3-SX-6 2.06 2.61 12.0 0.066 
R=3-CH-6 2.53 2.61 11.8 0.082 
 
The performance indicators (PIs) combine the ACMR and the weight of each system to put the 
collapse performance of each system in the context of the inherent increase in performance as 
systems are larger and heavier. The SCBF-CH consistently performed the best across both story 
heights according to the PI. An interesting finding from this parameter is the more favorable 
weight-normalized performance of the OCBF-CH over the SCBF-SX. The SCBF-SX achieved a 
higher ACMR, but it required a considerable increase in CBF weight to do so. This finding was 
consistent in both story height groups presented in the above tables. The PIs generally indicated 
that the CH configurations of all CBFs outperformed the comparable SX. The CH configuration 
is often criticized for its large unbalanced force requirement which produces heavy beams, and the 
necessity of this high stiffness has been brought into question (Sen et al., 2016). The PI evaluation 
approximately quantifies the trade-off of the seismic performance and the system weight, and the 
resulting comparison suggests that the CH configuration is still superior. Furthermore, in the six-
story frames, the PIs for all SX frames, regardless of the ductility level, were approximately the 
same (0.06-0.07). This indicated that the stability of the SX configuration can be compromised in 
dynamic applications at any ductility level. 
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CHAPTER 6. CONCLUSIONS 
The performance of special concentrically braced frames (SCBFs) was evaluated in this study for the 
application to moderate seismic regions. SCBFs are a high-ductility system that are widely used in areas of 
high seismicity, like the Western United States. This system has rigorous capacity design and ductile 
detailing requirements that are intended to ensure highly-ductile behavior controls the inelastic response of 
the system when subjected to seismic demands. This study specifically considered SCBFs designed for 
Boston, Massachusetts, a moderate seismic region. The objective in investigating the performance of the 
SCBF system in a moderate seismic region was to provide a contrasting perspective to the performance of 
the low-ductility CBFs typical of this region, namely the R=3 CBF and the ordinary concentrically braced 
frame (OCBF). The design of low-ductility CBFs permits the use of reduced seismic forces without rigorous 
seismic detailing requirements that would directly ensure ductile response at the reduced force level. For 
this reason, the seismic response of low-ductility CBF systems is heavily dependent on a secondary lateral 
resistance, or reserve capacity, that is not accounted for in the design process. As a complement to the 
previous research identifying the sources of reserve capacity and evaluating the performance of low-
ductility CBFs (Sizemore, 2017), the evaluation of SCBF performance provides a high-ductility perspective 
for the moderate seismic region. 
6.1 SYSTEM DESIGN CONCLUISONS 
The design of SCBFs is governed by AISC 341 and it considers the anticipated inelastic frame response by 
proportioning the frame members to withstand the expected forces generated by the braces (capacity 
design). There are also stringent member ductility and detailing requirements in the design process that are 
intended to ensure ductile braced frame behavior. The design of SCBFs contrasts the designs of both the 
OCBFs and R=3 CBFs, which have fewer seismic requirements. Six different SCBF prototypes were 
designed for Boston considering variations in brace configuration (chevron and split-x) and number of 
stories (three, six, and nine). The following are conclusions made regarding the design procedures for 
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SCBFs and remarks on the contrasts between the design procedures of the low-ductility and high-ductility 
CBFs.  
x The capacity design and ductile detailing of the beam-column-gusset connections in an SCBF are 
critical requirements included to preclude early brittle failures of the connections, and this is 
missing in the design of low-ductility CBFs. While numerous aspects of the capacity design 
procedure were shown to contribute ductile behavior in the nonlinear analyses of SCBFs, the design 
procedures’ focus on providing adequate connection capacity and ductility was an essential 
requirement that permitted the full inelastic response of the braces to be realized.  
x The braces in the SCBF satisfied the requirements of highly-ductile members per AISC 341. The 
b/t requirements for high-ductility members often required the selection of brace cross sections 
which had more capacity than what was required by the distribution of the design loads. In later 
analyses, this was seen as a contribution to the high system overstrength. 
x The capacity design procedure resulted in large unbalanced forces on beams in a chevron braced 
frame, and it produced minimal unbalanced forces on beams in split-x braced frame. The larger 
unbalanced force in the chevron frames produced beams with high stiffness and strength that 
exceeded the force levels originally indicated by the design load combination including the 
equivalent lateral seismic forces. The beam design procedure was a source of increased system 
weights in the chevron braced frames, and this was later seen to contribute to system overstrength 
as well. 
x The design procedure for OCBFs has a similar unbalanced force requirement for the beams (partial 
capacity design). This had the same effect of producing beams in the chevron configuration that 
had high stiffness and strength and increased the system weight for OCBFs. This design 
requirement was present without the additional rigorous connection capacity and ductility 
requirements seen as necessary to preclude brittle connection limit states. In these ways, the OCBF 
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design procedure had an incomplete consideration for frame ductility compared to the rigor of the 
SCBF design procedure.  
x The design of R=3 CBFs are controlled by AISC 360, and thus they have no specific considerations 
for frame ductility although they are permitted to be design at a reduced seismic load level.  
x A comparison of SCBF, OCBF, and R=3 CBF system weights was made, and within the same 
configuration, there was a multiplier of 2-2.5 times the system weight when comparing the high 
and low ductility extremes. However, a comparison of different brace configurations for the same 
three-story height showed that a split-x SCBF could weigh less than a chevron OCBF. This 
indicated that there are opportunities to design a more robust seismic system at a lower weight for 
a moderate seismic region if more dependable braced frame ductility is an objective for the 
structural designer. 
6.2 NONLINEAR STATIC ANALYSIS CONCLUSIONS  
Nonlinear static analyses were performed for the suite of SCBFs (three, six, and nine-story; chevron and 
split-x; continuous and pinned gravity columns at the story levels). From these analyses, numerous variables 
describing the response of the SCBFs were obtained and compared. These included quantifications of: 
maximum base shear capacity, elastic stiffness, secondary stiffnesses, overstrength, ductility capacity, and 
collapse drift. In addition to these so-called response variables, detailed pushover analyses provided insight 
into the global pushover response contributions made by individual frame member behaviors (e.g. the 
influences of beam yielding, column yielding, distribution of inelastic brace action across multiple stories). 
The conclusions from these analyses should be considered with the limitations of monotonic pushover 
analyses in mind. The pushover analyses in this study did not capture: the effects of cyclic structural 
degradation, limits on brace ductility (i.e. brace fracture was not modeled in the monotonic pushovers), and 
higher mode responses beyond the first mode of the structures. 
x A method of quantifying the secondary stiffnesses of the SCBF pushover response was introduced. 
This involved computing a series of secondary stiffness ratios to the elastic stiffness which 
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described three distinct regions of post-elastic behavior: (1) K2/K1: elastic to maximum base shear, 
(2) K3/K1: maximum base shear to 80% of maximum, and (3) K4/K1: 80% of maximum to collapse 
at zero base shear. The K2/K1 term was an indicator of the potential for increase in the system 
strength beyond the elastic region, and all SCBFs had positive values for this stiffness ratio. The 
K3/K1 term represented the first region of negative stiffness where P-Δ began to dominate the 
pushover response. The drift at which the gravity columns completely yielded occurred in this range 
because the K3/K1 term showed minimal differences between pinned and continuous variations of 
the gravity column modeling. The K3/K1 term was a larger negative for taller frames, which 
highlighted that taller SCBFs were more susceptible to P-Δ effects. 
x The overstrength of the SCBF systems was computed as the ratio of maximum base shear to the 
design base shear levels, and this ranged from 4.4 to 5.7 which exceeded the design overstrength 
factor of 2 for SCBFs. The confluence of providing more capacity than required for strength to 
satisfy the stringent ductility and detailing requirements of members provided a significant 
contribution to overstrength of these systems.  
x The SCBF pushover responses were characterized by the occurrence of concentrated inelasticity in 
a story that ultimately developed a story mechanism and led to frame collapse. This highlighted a 
limitation of the capacity design procedure. The capacity design procedure assumes the distribution 
of strength in the system will remain proportional to engage inelastic action of all braces 
simultaneously; however, nuances in the design requirements caused system strength to distribute 
differently than this. This indicated that the design intended distribution of inelastic action was not 
achieved. 
x When comparing across system configuration, the SX pushover response was more greatly 
influenced by the gravity column continuity, and the reduction in final drift at collapse was greater 
for the SX than the CH. It is worth noting that these frames would have experienced some brace 
fracture before this ultimate point of zero base shear. For example, in the three-story detailed 
pushover responses, the first and second story tensile braces generated yielding responses beyond 
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their fracture ductility capacity. These braces would have fractured and limited the pushover 
response at an earlier level of drift. 
x A comparison of the relative post-elastic stiffness of the SCBFs and low-ductility CBFs provided 
insight into the ability of the systems to develop strength and positive stiffness beyond the elastic 
region. In general, the low-ductility systems relied heavily on the flexural stiffness of the gravity 
columns to provide this positive post-elastic stiffness, while the SCBFs did not as appreciably 
engage the flexural stiffness of the gravity columns in developing strength beyond the elastic 
region. The low-ductility CBFs also illustrated inelasticity in elements other than the braces (e.g. 
beam yielding through a long-link EBF mechanism) before the eventual concentration of demands 
in the braced frame columns causing a mechanism. 
6.3 NONLINEAR TIME HISTORY ANALYSIS CONCLUSIONS 
The nonlinear time history analyses of the SCBF models produced collapse performance results that 
differed in a number of way as compared to the observations from the nonlinear static analyses. The 
dynamic analyses were recognized as a more comprehensive and robust method of assessing SCBF seismic 
performance, and the analyses accounted for important realistic behavior that was not captured in the 
pushover analyses. Unlike the pushover analyses, the dynamic analyses captured structural degradation 
from cyclic loading in all members, the finite ductility capacity of braces including the limit state of brace 
fracture, and the effects of higher modes in the response of the systems. The main findings regarding the 
seismic performance of SCBFs from the dynamic analyses follow. 
x The SCBFs with chevron brace configuration consistently outperformed the SCBFs with split-x 
brace configuration across all variations in story height and gravity column continuity. The 
improved performance of chevron SCBFs was the result of the system engaging a secondary lateral 
resistance beyond the primary resistance of the brace inelastic action of yielding and buckling. 
Frame action developed more prominently in the chevron SCBFs. The chevron configuration 
activated the flexural stiffness contributions of the columns for improved seismic stability.  
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x There are two contributors to the increased frame action of the chevron frames: (1) high flexural 
stiffness of the beams including increased stiffness at the beam-column-gusset connection regions 
(2) the presence of gusset plates at each level shortens the effective flexural span of the columns. 
The high flexural strength of the beams additionally ensured that inelasticity in the braces could 
develop through many cycles in the dynamic analyses. The stiff beams in the chevron configuration 
were the direct result of the AISC 341 capacity design procedure imposing a large unbalanced force 
requirement on the chevron beams.  
x The split-x configuration engaged a modest level of frame action compared to the chevron. The 
reduction in frame action was the result of: (1) lighter beams in the split-x that had less stiffness 
contributions to the system and (2) the gusset plates were located at every other level so longer 
effective flexural spans of columns created a more flexible system. There is a tendency of the 
capacity design procedures for split-x SCBFs to impose minimal unbalanced force requirements on 
the beams. This results in lighter beams with less flexural stiffness than the chevron beams. 
Additionally, at the levels where the split-x does not intersect, the beam section is resisting mainly 
gravity demands and not significantly contributing to frame action. 
x The seismic response of the chevron configuration more commonly engaged the flexural resistance 
of the gravity columns. The chevron configuration lateral response was characterized by a tendency 
to concentrate demands in a story, which engaged the flexural response of the gravity columns in 
addition to the braced bay columns.  
x The seismic performance of the split-x SCBFs was characterized by the distribution of inelastic 
demands across multiple stories. The split-x frames engaged the primary inelastic response of brace 
tensile yielding and brace compression buckling and post buckling. Multiple stories experienced 
relatively similar drift levels in the dynamic response of the SCBFs since braces transferred forces 
directly to braces in adjacent stories. Therefore, the dynamic response of the split-x frames did not 
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engage the secondary contribution of the columns to as high of a degree as the chevron 
configuration did.  
x The gravity column continuity was less consequential in the overall seismic stability of the split-x 
SCBFs as compared to the chevron configurations. Since the observed behavior of the split-x 
SCBFs indicated the distribution of inelastic demands across the braces at multiple levels, the 
highest drift demands in a story relative to the drift demands in other stories of the split-x did not 
present as story drift concentrations that could engage the additional lateral resistance of the 
continuous gravity columns. 
x Considerable differences were observed in the frame responses between the dynamic analyses and 
the pushover analyses. Notably, the pushover response of the split-x frames was greatly influenced 
by the continuity of the gravity columns. The split-x frames exhibited a significant decrease in the 
final drift of the pushover analysis when the gravity columns were continuous. The opposite was 
seen in the dynamic simulations, and the split-x response was not as influenced by the gravity 
column continuity. The switching in the importance of the gravity column continuity was also 
observed for the chevron configurations, where the pushover responses did not find the same 
performance benefit of including continuous gravity columns as was observed in the dynamic 
simulations. The higher mode effects seen in the dynamic analyses provide an explanation for this 
irregularity in the responses. The pushover load profile produced predominately a first mode 
response, so the main CBF lateral resistance drove the behavior (e.g. chevron has a more robust 
primary frame action than the split-x, which relied more greatly on the gravity columns).  
6.4 PERFORMANCE ASSESSMENT CONCLUSIONS 
The seismic performance of the SCBFs was further evaluated by conducting incremental dynamic analyses 
(IDA) for use in the collapse performance assessment described in FEMA P695. The SCBFs exhibited high 
collapse margin ratios when subjected to incrementally increasing scale factors of the Boston GM suite 
(Hines et al., 2009; Hines et al., 2011). Collapse fragility curves were developed with the IDA results, and 
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all SCBF configurations indicated an MCE-level probability of collapse less than the limit of 10% selected 
in the FEMA P695 methodology. The results of the collapse performance assessment of the SCBFs was 
compared to the previous seismic performance evaluation of low-ductility brace frames (Sizemore, 2017). 
Additional conclusions from this comparison follow. 
x The IDA results for the SCBFs, OCBFs, and R=3 CBFs all exhibited weaving, which describes the 
irregular maximum story drift levels observed at increasing scale factors towards the collapse scale 
factor for each ground motion considered.  
x The performance of all three-story systems exhibited erratic responses to the ground motion suite, 
which was the result of the high energy content in the ground motion spectra between periods of 
0.6 sec. and 1.3 sec. Higher probabilities of collapse on average for the three-story low-ductility 
frames were observed. The six-story low-ductility frames were less influenced by the high energy 
content at the shorter period range, and exhibited lower probabilities of collapse than their 
respective three-story counterparts. This relationship was flipped for the SCBF, and the three-story 
systems exhibited slightly lower probabilities of collapse. The higher probabilities of collapse for 
the six-story frames were a consequence of the significance of P-Δ effects on the collapse 
performance for taller SCBFs. 
x Lastly, a weight normalized parameter, the “performance indicator” (PI), was introduced to provide 
a comparison of system performances that is not skewed by the system weight. This term enabled 
the comparison across SCBF, OCBF and R=3 CBFs without biasing the low probabilities of 
collapse for high-ductility CBFs, since a contributing factor to the improved collapse performance 
of SCBFs relative to low-ductility CBFs is the higher system weight of SCBFs (2 – 2.5 time 
heavier).  This term consistently identified chevron configurations as outperforming their split-x 
counterparts when subjected to dynamic excitations. That finding was consistent with the ranking 
of ACMRs and associated probabilities of collapse at MCE. Beyond what could be discerned by 
comparing the FEMA P695 performance variables, the PIs also indicated that OCBFs in a chevron 
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configuration tend to have a higher (i.e. more desirable) PI than SCBFs in a split-x configuration. 
This relative comparison, enabled by the PIs, provided insight in the evaluation of various passing 
(acceptable) collapse performance assessments and suggested a case where the lower ductility 
OCBF could be more desirable from a combined cost and performance perspective. 
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APPENDIX A. DETAILED DESIGN OF THREE-STORY CHEVRON SCBF 
This section presents the detailed procedure used to design the three-story chevron SCBF. The other frames 
in the set of SCBFs investigated in this study were designed following the same process. The detailed 
designs for those frames are not included in this report for clarity and to avoid redundancy. Rather, the 
reader can reference this appendix and the final set of member sizes shown on the frame elevations in the 
following appendix to understand the design process undertaken.  
A.1 DESIGN OF BRACES 
First, the braces of the SCBF were designed. The following known properties were collected for the frame: 
(1) work-point to work-point length (Lbr) dictated by frame geometry, and (2) material properties selected 
for the HSS sections (ASTM A1085). Also required in the design of braces in an SCBF, the braces must 
satisfy width-to-thickness requirements (b/t) for high ductility members and have a slenderness (KL/r) less 
than 200. This information is organized below. 
Frame Details:  
Type: SCBF  
Stories: 3  
SDS 0.213  
Lbr = 23.0 ft 
Lbr = 277 in 
 
Brace requirements:  
b/t hd   ≤ 0.55√(E/Fy ) = 13.2 
KL/r  ≤ 200  
 
Brace:   
HSS, ASTM A1085 
Fy = 50 ksi 
Ry = 1.25  
RyFy = 62.5   
 
After determining the material and geometric constraints applicable to the braces, the next step was to 
determine the ultimate factored load demands on the braces in each level.  Gravity loads were applied to a 
simple truss model of the braced frame, and the demands on the braces were determined. Note that the snow 
load’s contribution to the force in the braces was negligible. Seismic lateral loads were determined 
according to an equivalent lateral force analysis per ASCE 7-10, and the loads were tracked through the 
frame to determine demands on the braces in each level. The unfactored loads acting on the brace members, 
separated by load type, are organized in the next table.  
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Table A.1 Unfactored brace demands 
Level PD (kips) PL (kips) PQE (kips) 
3 4 4 28.4 
2 10.1 8.7 63.8 
1 10.1 8.7 81.1 
 
All relevant load combinations (LCs) were considered per ASCE 7-10; however, the LCs including the 
seismic load effect maximized the ultimate demand on the braces. For clarity, only the demands pertinent 
to LCs including seismic are shown. It was found that LC 5 maximized the compression demands in the 
braces, and LC 6 maximized the tension demands in the braces. The factored load demands from LC 5 and 
6 are tabulated below for each level. 
Load Combination 5: (12.4.2.3) (1.2+0.2*SDS)D + ρQE  + (0.5 or 1.0)L + 0.2S 
Load Combination 6: (12.4.2.3) (0.9 - 0.2SDS)D + ρQE 
Table A.2 Demands from LC5 
Level Pu (kips) 
3 35.4 (C) 
2 80.7 (C) 
1 98.0 (C) 
 
Table A.3 Demands from LC6 
Level Pu (kips) 
3 -25.0 (T) 
2 -55.1 (T) 
1 -72.5 (T) 
 
The braces were not explicitly designed for the tensile demands shown. Considering the observations: (1) 
the magnitude of compression demands exceeded the tensile demands, and (2) Fcr would be less than Fy for 
a member in compression, it was determined that the tensile capacity would not be the limiting factor in the 
selection of the braces. 
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Second order effects were considered for the amplification of the elastic demands determined previously 
by analysis. The previous iteration of the braced frame design was used to create a model for computing 
the first order elastic drift. The amplification factor, B2, required the story shear, height, drift, Pstory and 
Pe,story in its calculation. A B2 factor was calculated for each story, but to simplify the design procedure, the 
largest B2 factor was taken at all levels. For the three-story braced frame, B2 = 1.02. This was used to 
amplify the seismic load effect, ρQE, in the LCs. The amplified demands are tabulated. 
Table A.4 Brace Demands Including B2 
Level Pu (kips) 
3 36.05 (C) 
2 82.17 (C) 
1 99.92 (C) 
 
Selected members must provide design capacity greater than or equal to the ultimate demands (ϕPn ≥ Pu). 
The design compression strength tables for ASTM A1085 HSS braces were used. Selected members also 
must provide width-to-thickness less than the limit for highly ductile members (b/t < b/thd). Lastly, 
slenderness must be less than the limit (KL/r < 200). The effective length method was used, K = 1.0, and 
the length used in KL/r was the workpoint to workpoint length. The final brace sized selected and their 
respective properties are organized in the table below.  
Table A.5 Selection of Brace Sizes 
Level HSS wt (lb/ft) ϕcPn (kips) Ag (in2) r KL/r b/t D/C 
   KL=23'      
3 4x4x1/2 21.63 36.4 6.36 1.39 199.0 4.4 99% 
2 5-1/2x3/8 24.93 93.1 7.33 2.07 133.6 11.5 88% 
1 6x6x3/8 27.48 123 8.08 2.27 121.8 12.8 81% 
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A.2 CAPACITY DESIGN ANALYSIS 
In the design of SCBFs, AISC 341 requires two additional analyses be conducted for the determination of 
required strengths of the remaining frame members and connections. For one analysis, the expected 
strengths of the braces in tension and compression buckling are combined and applied to the frame. For the 
other analysis, the expected strengths of the braces in tension and post-buckling are combined and applied 
to the frame. The code also stipulated that the actual brace length must be used when determining the 
strength in compression and post-buckling. This requirement ensures that the applied force coming from a 
compression brace is not underestimated in these analyses. From various frame design iteration,                    
Lest = 2/3 Lbr closely approximated Lact. The tabulated expected braces strengths are included below.  
Table A.6 Expected Strengths of Selected Braces 
     Expected strength in: 
Level HSS KL/r (est) Fe Fcre Compression Post-Buckling Tension 
  (in)   1.14FcreAg 0.3(1.14FcreAg) RyFyAg 
3 4x4x1/2 132.7 16.26 14.26 103.4 31.0 397.5 
2 5-1/2x3/8 89.1 36.07 30.26 252.9 75.9 458.1 
1 6x6x3/8 81.2 43.38 34.20 315.0 94.5 505.0 
Lest (in) * 184      
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A.3 DESIGN OF COLUMNS 
The columns were then designed considering relevant analyses as stipulated by the Seismic Provisions. The 
Provisions allow the consideration of two analyses, one satisfying F2.3 or the F2.3 exception. Both options 
were considered in this design, and the corresponding member demands are organized below. 
Option 1: F2.3(i) Analysis with all braces at their expected strengths in compression and tension. Note: all 
demands shown in table below are cumulative. 
Table A.7 Braced bay column demands (unfactored) 
Level PD (kips) PL (kips) PS (kips) PEmh (kips) 
3 31.5  29.4 95.7 
2 110.3 97.7  229.8 
1 189.0 165.9  456.2 
 
Recall: (1.2 + 0.2SDS)D + 0.5L + 0.2S + Emh 
 
LC 5: Load Factors 
Dead Live Snow Eq. 
1.25 0.50 0.20 1.00 
 
Table A.8 Braced bay column demands (LC5) 
Level Pu (kips) 
3 140.8 
2 416.0 
1 774.7 
Note: LC5 yields maximum compression demands 
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Option 2: F2.3 Exception (2)(a) Demands from ELF on model with compression braces removed and 
amplified by Ω0. Note: for exterior columns in a braced frame, a model with compression braces included 
will approximate the analysis required by the exception. Thus, the demands in the table below are from an 
analysis with the compression braces included. 
Table A.9 Braced bay column demands (unfactored) 
Level PD (kips) PL (kips) PS (kips) PEmh (kips) 
3 31.5  29.4 0.0 
2 110.3 97.7  15.7 
1 189.0 165.9  50.9 
 
Recall: (1.2 + 0.2SDS)D + 0.5L + 0.2S + Ω0QE, Ω0 = 2 
 
LC 5: Load Factors 
Dead Live Snow Eq. 
1.25 0.50 0.20 1.00 
 
Table A.10 Braced bay column demands (LC5) 
Level Pu (kips) 
3 45.1 
2 217.6 
1 420.3 
 
From the above results it can be seen that the F2.3 exception produced smaller demands than the F2.3 
analysis with braces as tensile yield strength and compressive buckling strength. The Provisions allow the 
use of the smaller demands determined from each analysis to be used. Thus, the demands calculated in 
Option 2 were used to determine the required column strength. B2 amplification was required for the 
demand calculation for the columns, and this procedure is shown below. Additionally, one common column 
size was used across all stories, so only the maximum demand occurring at the first level was considered. 
 
124 
 
Design: Select Column Section    
Note: Select same column section across groups of 3 stories. 
K = 1.0     
KL = 15 ft    
B2* = 1.02 *using max B2 from all stories for simplicity 
      
LC: (1.2 + 0.2SDS)D + 0.5L + 0.2S + B2Ω0QE 
 
Level Pu (kips)     
1 422.7     
      
 
From AISC Steel Construction Manual Table 4-1: 
  
Section W14x68     
ϕcPn 608 kips     
D/C 0.7     
 
The column size selected had to satisfy the required strength criteria and the requirements for highly-ductile 
members. AISC Seismic Design Manual Table 1-3 indicated that a W14x68 satisfied the width-to-thickness 
requirements for highly-ductile members. 
Width-to-thickness limitations      
AISC 341-10 requires columns to be highly ductile (HD) in F2.5a.    
        
From AISC Seismic Design Manual Table 1-3, 
     
W14x68 satisfies width-to-thickness requirements for HD members 
Note: W14x61 is a more efficient choice for strength; however, it does not meet the requirements for HD 
members. 
 
 
  
Final Choice: 
Section: W14x68 
ϕcPn = 608 kips 
Same section for stories 1 to 3 
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A.4 DESIGN OF BEAMS 
The beams were then designed considering both analyses required by AISC F2.3. Case (1) was shown to 
maximize the axial demand in the beams, and Case (2) was shown to maximize the moment demand in the 
beams. Each analysis case produced a consistent axial-moment pair (P, M), and the beam size was selected 
to satisfy both sets of (P, M) demands. The Case (1) and (2) demands are calculated below. 
Case 1: F2.3(i) Analysis with all braces at their expected strengths in compression and tension. 
Table A.11 Braced bay beam axial demands (unfactored) 
Level PEmh (kips) 
3 190.2 
2 269.9 
1 311.3 
 
Table A.12 Braced bay beam moment demands (unfactored) 
Level MD (k-ft) ML (k-ft) MS (k-ft) MEmh (k-ft) 
3 45.9  42.9 1674.6 
2 114.8 99.5  1168.7 
1 114.8 99.5   1082.0 
 
Recall: (1.2 + 0.2SDS)D + 0.5L + 0.2S + Emh 
 
LC 5: Load Factors 
Dead Live Snow Eq. 
1.25 0.50 0.20 1.00 
 
Table A.13 Braced bay beam demands, Case 1 (LC5) 
Level Pu (kips) Mu (kip-ft) 
3 190.2 1740.4 
2 269.9 1361.6 
1 311.3 1274.9 
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Case 2: F2.3(ii) Analysis with all braces at their expected strengths in post-buckling (compression) and 
tension. 
Table A.14 Braced bay beam axial demands (unfactored) 
Level PEmh (kips) 
3 162.7 
2 202.7 
1 227.6 
 
Table A.15 Braced bay beam moment demands (unfactored) 
Level MD (k-ft) ML (k-ft) MS (k-ft) MEmh (k-ft) 
3 45.9  42.9 2086.9 
2 114.8 99.5  2176.7 
1 114.8 99.5   2337.6 
 
Recall: (1.2 + 0.2SDS)D + 0.5L + 0.2S + Emh 
 
LC 5: Load Factors 
Dead Live Snow Eq. 
1.25 0.50 0.20 1.00 
 
Table A.16 Braced bay beam demands, Case 2 (LC5) 
Level Pu (kips) Mu (kip-ft) 
3 162.7 2152.7 
2 202.7 2369.6 
1 227.6 2530.5 
 
Analysis conclusion: 
Case (1) maximizes the axial demand in the beams, while Case (2) maximizes the moment demand. The 
procedure followed to design the SCBF beams was: design for Case (2) demands and check P-M interaction 
for Case (1) demands.  
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Design: Select beam section 
       
Notes: Flexural strength will be governed by the plastic moment, since LTB will not occur with the beam 
continuously braced by the concrete slab. Axial compressive strength will be governed by CAFTB with 
the braced length equal to half of the beam span. Additionally, impose a depth limit of 36 in for 
accommodating common architectural detailing. 
The design assumptions for the braced lengths of the beam are summarized below.  
Bracing        
Lb  = 0 ft  - Continuously braced by slab in flexure  
Lx = 35 ft  - Braced at ends for strong axis compression buckling 
Ly = 0 ft  - Continuously braced for weak axis compression bucking 
Lz = 17.5 ft  - Economical to provide bracing at beam midspan (top and bottom- 
lateral, or cross section- torsional)    
        
Lb <= Lb,md  0.17ryE/Fy  Requirements for moderately ductile member bracing 
 
The two following tables show the final member sizes after numerous iterations, and the interaction of axial 
and moment for the two (P, M) cases are computed. 
Table A.17 P-M Interaction Check, Case 2 
Level Section 
Strength Case 2 Demands 
ϕcMpx  (k-ft) ϕcPn (kips) Pu (kips) Mu (kip-ft) Eq. H1-1 
3 W36x160 2340 1310 162.7 2152.7 0.98 
2 W36x182 2690 1560 202.7 2369.6 0.95 
1 W36x182 2690 1560 227.6 2530.5 1.01 
 
Table A.18 P-M Interaction Check, Case 1 
Level Section 
Strength Case 1 Demands 
ϕcMpx  (k-ft) ϕcPn (kips) Pu (kips) Mu (kip-ft) Eq. H1-1 
3 W36x160 2340 1310 190.2 1740.4 0.82 
2 W36x182 2690 1560 269.9 1361.6 0.59 
1 W36x182 2690 1560 311.3 1274.9 0.57 
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The beams also were required to satisfy the limits for moderate ductility members per the Seismic 
Provisions. The radius of gyration and braced length required for moderate ductility classification are 
shown. In order to avoid additional overstrength, the beam cross sections are not increased to obtain a larger 
allowable braced length. Instead, the beams shall have adequate bracing to meet the moderate ductility 
criteria.  
Table A.19 Verify beam members satisfy moderate ductility requirements 
Level Section ry Lb,md wt (lb/ft) 
3 W36x160 2.38 19.6 135 
2 W36x182 2.55 21.0 182 
1 W36x182 2.55 21.0 182 
 
The table below summarizes the member designs for the three-story chevron SCBF. 
Table A.20 Final member design choices for three-story chevron SCBF 
Level Braces Beams Columns 
3 HSS4x4x1/2 W36x160 
W14x68 2 HSS5-1/2x5-1/2x3/8 W36x182 
1 HSS6x6x3/8 W36x182 
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APPENDIX B. PUSHOVER OUTPUT DATA 
This appendix organizes the pushover analysis output from OpenSees for each frame analyzed in this 
thesis. For each frame, six types of plots are shown:  
(a) Pushover: base shear (kips) versus roof drift (%) 
(b) Pushover with contributions from the total system, braced bay, and gravity columns separated: 
base shear (kips) versus roof drift (%) 
(c) Brace behavior for all stories: axial force (kips) versus axial deformation (in)  
(d) Story shear response: story shear (kips) versus story drift (%) 
(e) Beam flexural demand to capacity ratio (DCR): Flexural DCR (M/Mn) versus roof drift (%), 
where the DCR is the ratio of moment resisted by the beam throughout the test to the assigned 
moment capacity in the model, which includes material overstrength  
(f) Column flexural demand to capacity ratio (DCR): Flexural DCR (M/Mn) versus story drift 
(%), where the DCR is the ratio of moment resisted by the beam throughout the test to the 
assigned moment capacity in the model, which includes material overstrength 
These plots together describe the complete behavior of the systems through collapse.  
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